Dynamic characteristics of the doubly fed twin stator induction machine by Cook, C. D.
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1976 
Dynamic characteristics of the doubly fed twin stator induction machine 
C. D. Cook 
University of Wollongong, chris_cook@uow.edu.au 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Cook, C. D., Dynamic characteristics of the doubly fed twin stator induction machine, Doctor of Philosophy 
thesis, Department of Electrical Engineering, University of Wollongong, 1976. https://ro.uow.edu.au/
theses/1357 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

DYNAMIC CHARACTERISTICS OF THE DOUBLY FED
TWIN STATOR INDUCTION MACHINE
Thesis for the Degree of 
Doctor of Philosophy
submitted by
C.D. COOK B.E., B.Sc.
This work was carried out at the 
Department of Electrical Engineering, 
University of Wollongong.
December 1976

TABLE OF CONTENTS
f'AGF-
ACKNOWLEDGEMENTS 9
ABSTRACT 10
LIST OF PRINCIPAL SYMBOLS II
CHAPTER I: I NTRODUCTI ON 13
1.1 Speed and Position Control of Electrical Machines 13
1.2 The Doubly Fed Twin Stator Induction Machine (TSIM) 14
1.3 Survey of Related Research 17
1.4 Summary of Material Presented in this Thesis 28
CHAPTER 2: EIGENVALUE ANALYSIS OF THE TSIM 30
2.1 Introduction 30
2.2 Eigenvalue Analysis of Small Perturbations of the TSIM 32
2.3 Discussion of TSIM Eigenvalues 38
2.4 Analysis of the TSIM Dynamic Behaviour 39
2.4.1 Inherent Stability and Natural Response of the
TSIM . 39
2.4.2 Eigenvalues as a Function of Design Constants
and Supply Voltage 40
2.4.3 Eigenvalues as a Function of Resistance in the
D.C. Source of an Inverter Supplying Machine 2 40
2.5 Effect of Feedback on the TSIM Eigenvalues 42
2.5.1 Introduction 42
2.5.2 Phase Lag Velocity Feedback 43
2.5.3 Proportional Velocity Feedback 44
2.5.4 Derivative Velocity Feedback 45
2.5.5 Phase Lag Current Feedback 46
2.5.6 Proportional Current Feedback 47
2
CHAPTER 3: THEORETICAL PREDICTIONS OF THE TSIM 
DYNAMIC CHARACTERISTICS
3.1 Introduction
3.2 Inherent InstabiIity of the TSIM
3.2.1 Non-osciIlatory Instability
3.2.2 OsciIlatory Instability
3.3 Natural Response of the TSIM
3.3.1 Introduction
3.3.2 Variation of TSIM Natural Response with
Speed
3.3.3 Variation of TSIM Natural Response with
Load
3.3.4 Summary of TSIM Response Characteristics
3.4 Variation of the TSIM Dynamic Characteristics with
Design Constants
3.4.1 Introduction
3.4.2 Variation of the TSIM Dynamic Characteristics
with Stator Resistance
3.4.2.1 Variation of Natural Response with
Stator I Resistance R^,, and Stator 
2 Resistance R ^
3.4.2.2 Variation of TSIM Stability Regions
with Stator Resistance
3.4.3 Variation of the TSIM Dynamic Characteristics
with Rotor Resistance
‘ 3.4.3.I Variation of TSIM Natural Response with
Total Rotor Resistance Rp.
3.4.3.2 Variation of TSIM Stability Regions
with Rotor Resistance
3.4.4 Variation of the TSIM Dynamic Characteristics
with Leakage Inductance
3.4.4.I Variation of TSIM Natural Response with 
Leakage Inductance
48
48
51
52
57
58 
58
58
60
65
66 
66
67
67
70
76
76
80
82
PAGE
82
3.4.4.2 Variation of TSIM Stability Regions with
Leakage Inductance 82
3.4.5 Variation of the TSIM Natural Response and
Stability Regions with Leakage Inductance 
Distribution 89
3.4.6 Variation of the TSIM Natural Response and
Stability Regions with Rotational Inertia 89
3.4.7 Summary and Comparison of the Effect of
Design Constant Variations on the TSIM
Natural Response 96
3.4.8 Summary and Comparison of the Effects of
Design Constant Variations on the TSIM
Stability Regions 99
3.4.9 Conclusion 101
3.5 The Relationship of the TSIM Eigenvalues to its
Physical Operation 102
3.6 Effect of Stator 2 Voltage Amp Iitude Variations on
the TSIM Natural Response and Stability Regions 108
3.7 Effect of Non-idea I Supplies on the TSIM Natural
Response and Stability Regions 112
3.8 Effect of Rotational Losses and Friction on the
TSIM Natural Response and Stability Regions 115
3.9 Effect of Several Forms of Feedback on the TSIM
Dynamic Characteristics 117
3.9.1 Phase Lag Velocity Feedback 117
3.9.2 Proportional Velocity Feedback 121
3.9.3 Derivative Velocity Feedback |23
3.9.4 Comparison of the Different Forms of
Velocity Feedback 125
3.9.5 Phase Lag Current Feedback 126
3.9.6 Other Forms of Current Feedback 130
3.9.7 Effect of Torque on the Current and
Velocity Feedback Schemes 131
3.9.8 Comparison of the Velocity and Current
Feedback Schemes 133
3.10 Conclusions 136
PAGE
4
CHAPTER 4: THE TWO MACHINE TSIM 140
4.1 Description and Operation of the Experimental TSIM 140
4.1.1 Experimental Machine Configuration 140
4.1.2 Experimental Technique 143
4.1.3 Machine Constants 145
4.1.4 Rated Operation of the TSIM 146
4.2 Power Supply to Machine 2 147
4.2.1 Introduction 147
4.2.2 Inverter Supplying Machine 2 147
4.2.3 D.C. Supply to Inverter 149
4.2.4 Inverter Frequency Control 152
4.3 D.C. Machine 153
4.4 Friction, Windage and Losses 156
4.5 Measurement of Load Angle $ 158
4.6 Implementation of Feedback Schemes 161
4.6.1 Introduction 161
4.6.2 Phase Lag Velocity Feedback 162
4.6.3 Proportional Velocity Feedback 164
4.6.4 Derivative Velocity Feedback 164
4.6.5 Phase Lag Current Feedback 167
4.6.6 Proportional Current Feedback 168
4.7 Numerical Evaluation of TSIM Eigenvalues 168
PAGE
CHAPTER 5: EXPERIMENTAL RESULTS 173
5.1 Steady State Results 173
5.2 TSIM StabiIity Regions 179
5.2.1 Introduction 179
5.2.2 Stability Regions 180
5.2.3 Conclusion 185
5.3 TSIM Dynamic Response Without Feedback 186
5.3.1 Introduction 186
5.3.2 Dynamic Response of the Experimental TSIM 187
5.3.3 Variation of Dynamic Response with Design
Constants 193
5.3.4 Conclusion 195
5.4 TSIM Dynamic Response with Velocity Feedback 196
5.4.1 Phase Lag Velocity Feedback 196
5.4.2 Proportional Velocity Feedback 202
5.4.3 Derivative Velocity Feedback 206
5.4.4 Comparison of the Velocity Feedback Schemes 210
5.4.5 Conclusion 212
5.5 TSIM Dynamic Response with Current Feedback 213
5.5.1 Phase Lag Current Feedback 213
5.5.2 Conclusion 222
5.6 Experimental Operation of the TSIM: Conclusions 223
CHAPTER 6: SINGLE UNIT TSIM 226
6.1 Introduction 226
6.2 Experimental Configuration 228
6.3 Measurement of Design Constants 229
PAGE
PAGE
6.4 Steady State Results 231
6.5 Dynamic Characteristics Without Feedback 236
6.5.1 Introduction 236
6.5.2 Experimental Responses 236
6.5.3 Conclusion 241
6.6 Dynamic Response with Feedback 242
6.6.1 Introduction 242
6.6.2 Phase Lag Current Feedback 244
6.6.3 Conclusion 249
6.7 Conclusion 250
CHAPTER 7: THE TSIM AS AN OPEN LOOP POSITION CONTROLLER
OF HIGH TORQUE CAPABILITY 252
7.1 Introduction 252
7.2 Electronic Means of Altering the Phase of a 3-phase
Alternating Voltage Supply 253
7.2.1 Principle of Operation of the Phase Shifting
Circuit 253
7.2.2 Timing of Shift Pulses 257
7.2.2.1 Phase Advance 257
7.2.2.2 Phase Delay 260
7.2.3 Frequency Range of Inverter During Shift
Operations 262
7.3 Experimental Operation 263
7.4 Conclusion 266
7
page
CHAPTER 8: :SUMMARY OF CONCLUSIONS 268
8.1 Cone 1 us ions 268
8.2 Suggest ions for Further Research 270
BIBLIOGRAPHY 273
APPENDIX 1 : Transformations of Induction Machine 
Equations 279
APPENDIX 2: Combination of Equations for Machine 1 and 
Machine 2 to form TSIM Equations 284
APPEND 1X 3: TSIM Equations in the Steady State 295
APPENDIX 4: Equations of Small Perturbations for the 
TSIM 302
APPENDIX 5: Inclusion of Rqq in the TSIM Equations 31 1
APPENDIX 6: Inclusion of Rotational Losses and Friction 
in the TSIM Equations 314
APPENDIX 7: Feedback Schemes 316
7.1 Effect of Feedback on the TSIM Equations 316
7.2 Phase Lag Velocity Feedback 316
7.3 Proportional Velocity Feedback 317
7.4 Derivative Velocity Feedback 317
7.5 Phase Lag Current Feedback 318
7.6 Proportional Current Feedback 320
APPENDIX 8: Computer Program to Find TSIM Steady State 322
APPENDIX 9: Typical Dynamic Responses Predicted from the
Equations of SmalI Perturbations 326
PAGE
APPENDIX 10: Construction of Phase Shifting Circuit to 
Operate the TSIM as an Open Loop Position
Controller 331
10. 1 Phase Lock Loop 331
10.2 Counter 2 and Timing 334
10.3 Coincidence Detector • 334
10.4 Pu 1se Shaper 335
ACKNOWLEDGEMENTS
I wish to thank my supervisors, Professor B.H. Smith and 
Associate Professor W.H. Charlton of the Electrical Engineering 
Department, University of Wollongong, for their advice and 
encouragement throughout the course of this work. I also thank 
Dr. G.W. Trott and the other members of staff of this same 
Department of Electrical Engineering for their time spent in 
discussion on various aspects of the thesis, and the Workshop staff 
of this Department for their advice in the building of the 
equipment required for the experimental work.
C. Cook.
IO
ABSTRACT
This is a study of the dynamic behaviour of two interconnected 
induction motors. These motors are connected in a manner which is 
similar to the cascade connection, but they are operated as a single, 
doubly-fed»variable speed A.C. motor which runs synchronously. This 
has been called the doubly-fed twin stator induction machine (TSIM).
The TSIM is analysed theoretically using eigenvalues, and the 
effects of various design constant changes and feedback schemes on 
its dynamic response and stability regions are investigated. Rules 
to aid in the design of a TSIM are deduced, and various other factors 
affecting the dynamic behaviour of the TSIM are investigated.
Experimental results from a TSIM made up of two separate 
induction machines are presented.
It is possible to obtain the cascade connection in a specially 
designed single machine with two stator windings and a single rotor 
winding. No slip rings or brushes are required. Experimental results 
obtained from such a single unit TSIM are discussed and compared 
with the eigenvalue analysis.
Finally, operation of the TSIM as a stepping motor with open-loop 
position control is considered, and circuitry which allows fine control 
over the TSIM’s shaft position is described.
LIST OF PRINCIPAL SYMBOLS
TSIM
v, i 
V, I 
a-b-c 
a-B-y
d-q
[C]
[Cs], [cr]
A
Subscripts s, r 
Subscripts I, 2 
Subscript 0 
[V], [I]
[ZD
[A], [B]
HE] ■
er
®rm
0C
Doubly fed twin stator induction 
machine.
Instantaneous voltages, currents. 
Voltage, current amplitudes.
Three phase quantities.
Two phase quantities.
Reference axes.
3-phase to 2-phase transformation. 
Matrix a-B to d-q transformat ions. 
Indicates small perturbations about 
a steady state.
Stator, rotor quantities.
Machine I, Machine 2 quantities. 
Steady state quantities.
TSIM voltages, currents 
TSIM impedance matrices.
Submatrices of CZU.
Matrix from which eigenvalues 
are found.
Reference angle for rotor position 
. (elec. rads.).
Reference angle for rotor position 
(mech. rads.).
Reference angle for d-q axes.
12
Ox
0|
02
Os> Oj
ws t, <*%i
o)|, a)2
R
L
M
Tm» Te , Tf
J
H
6|, 62
P
P,
2
P
S
iDC
VDC
rDC
K|» k2» kP> Kd 
A|, A, D
TSIM sfalo variable (pOrm).
Angle defining Machine I applied 
voItages.
Angle defining Machine 2 applied 
voItages.
Angles defining rotor voltages, 
currents with respect to rotor. 
Steady state rotor voltage, current 
frequencies.
Steady state Machine I, 2 supply 
voltage frequencies.
Res i stance.
SeIf-inductance.
Mutual inductance.
Applied, electromagnetic, 
frictional torques.
Mass moment of inertia.
Inertia constant.
Steady-state angles.
Load angle.
Pole number, 
d/dt, d^/dt^
Slip.
Inverter direct current.
Inverter supply voltage.
Resistance in D.C. supply to 
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Feedback gains.
Gains used in feedback implementation
CHAPTER I: INTRODUCTION
l.l Speed and Position Control of Electrical Machines
D.C. machines are commonly used as drives for low speed high 
powered operations, or in applications requiring precise position 
or speed control. The brushes and commutators on these machines 
are expensive, require considerable maintenance and limit the 
environments in which they can efficiently and safely work.
The simpler construction of the squirrel cage induction 
machine makes it relatively inexpensive, reliable and easy to 
maintain. In addition, it can be used in many environments in 
which a D.C. machine could not operate satisfactorily.
One machine which is potentially capable of combining the 
structural simplicity of the squirrel cage machine with the 
versatility of the D.C. machine, is the Doubly Fed Twin Stator 
Induction Machine (TSIM). This has been shown1 to be capable of 
running at a speed determined precisely by an externally applied 
supply frequency, to be able to supply rated torque at zero speed, 
and to be able to maintain approximately this torque over a 
considerable speed range. It needs no slip rings or brushes, and 
can be constructed with a rotor which is only a little more 
complex than that of the squirrel cage induction motor.
The TSIM is inherently unstable over much of its useful 
speed range however. This thesis presents the results of an 
investigation into the various factors which affect the dynamic 
characteristics of the TSIM, in order to determine whether it can 
be made to realize its potential as a variable speed, brushless, 
alternating current motor.
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I.2 The Doubly Fed Twin Stator Induction Machine
The operation of the TSIM is best understood by considering 
its synthesis from two p-pole wound rotor slip ring induction 
machines. For the sake of simplicity machines with the same 
number of poles are considered in this section, although machines 
of dissimilar pole numbers can be used.
As shown in Fig.(l.l), the shafts of the two machines are 
connected mechanically, and the rotors are electrically connected 
in such a way that balanced currents flowing in the rotor circuits 
will set up a field rotating in one direction relative to the shaft 
in Machine I, and in the opposite direction in Machine 2.
If the speed of shaft rotation is u)r electrical radians per 
second, and if Machine I is supplied at a frequency of to| rads./sec., 
the frequencies of the induced voltages in all the windings are as 
follows: .
Rotor winding of Machine I 
Rotor winding of Machine 2 
Stator winding of Machine 2
0)1 - tOp
-(oil - 0) )I r
u)f — (to| - 0)r) 
= 2 a)r - U)|
( I . I )
where the positive direction of frequency is defined by u) .
If the stator of Machine 2, i .e. Stator 2, is supplied at 
a frequency u^, so that:
0)2 = (2o)r - o)| ) ( I .2)
then the combined set of two machines can run synchronously
at a speed 0)r set by Eqn.(I.2). Thus, for synchronous operation,
STATOR I
X - Z A
a
STATOR 2 
\a ) z
..1....1 A
Z _ X ....Z X
MACHINE I MACHINE 2
1.1.1 Mechanical rotor connection
ROTOR I ROTOR 2
1.1,2 Elec t r ic a l  connections of rotor
FIGURE 1.1 Connection of 2 wound rotor
INDUCTION MACHINES TO FORM TSIM
It can be seen from Eqn.(l.2) that:
u)r = w l + ^2 elec. rads./sec. (1.3)
2
where (o)| + 0)2) is an algebraic sum of two frequencies. For 
example, if 0)2 and u)| have equal magnitudes but opposite signs, 
(i.e., if the stator connectio.ns are made to produce fields rotati 
in opposite directions relative to the rotor), then:
0)2 = -0) | (1.4)
and so, from Eqn.(I.3):
0)r = 0 (1.5)
and the shaft is stationary. Now, by altering the phase of one 
supply with respect to the other, torque can be developed at 
standstill, and so the TSIM is potentia I Iy able to operate as a 
stepping motor if sufficient control over this phase difference 
can be achieved economically.
If the magnitude of 0)2 is now decreased, the speed of the 
TSIM will increase as defined by Eqn.(1.3), so long as the TSIM 
maintains synchronism. In principle therefore, speed control of 
the TSIM can be obtained by supplying Machine I from the mains at 
a constant frequency oq, and supplying Machine 2 at a variable 
frequency 0)2.
No external connections are made to the rotor, and so the 
TSIM can be buiIt without any slip rings. In addition, it can be 
built so that its two constituent machines are combined in the one 
frame, with a single stator winding and a single rotor winding.
In such a single frame TSIM, two separate magnetic fields exist 
independently in the one airgap of an appropriately designed
single machine. The development of this single frame TSIM is 
discussed in the following section.
I .3 Survey of Related Research
Referring to Fig.(l.l), it can be seen that if the Stator 2 
terminals are short circuited, this connection is effectively the 
same as the cascade connection of two induction machines. The 
TSIM is therefore a generalisation of the cascade connection, 
and the development of cascaded machines and of windings to 
enable the two separate machines in a cascade set to be combined 
in a single machine in one frame is relevant to the development 
of the TSIM.
Research into the cascade machine has been motivated by the 
fact that it can run at several different speeds, especially when 
pole changing windings on the stators are used. For example, 
Creedy1* tested one cascade machine and showed it capable of 
economic operation at four separate speeds.
The first reported experimentation with cascaded machines 
was by Steinmetz5 and Gorges27. Hunt2'3 was the first to show 
that the two separate machines in a cascade set could be combined 
in a single frame, with one stator winding and one rotor winding 
setting up the two independent fields in the one airgap. He also 
formulated some rules about the various necessary relationships 
between the two different pole numbers in the single-unit cascade 
machine. He showed that the two separate fields set up in the 
machine must not interact with each other, neither must they 
produce magnetic unbalance on the rotor. Later, Creedy1* extended 
Hunt’s work and showed that it was possible to have a much greater
variety of pole numbers, and hence speeds, than was previously 
thought possible.
With the introduction of Pole Amplitude Modulation (P.A.M.), 
it has become possible for a single stator winding to respond 
to a combination of fields of nearly any two pole numbers6'8, and 
the potential for building cascade motors for a greater variety of 
speeds than ever before has become available.
The manner in which P.A.M. lifted many restrictions 
previously limiting the estabIishment of two independent fields 
in the airgap of a single machine, was illustrated by Broadway 
and Thomas7 with reference to Single Unit Frequency Converters. 
This relies on the ability of a single P.A.M. winding to be 
open-circuited to a field of one pole number, whilst 
simultaneously being short-circuited to a second field of a 
separate pole number. Both Hunt and Creedy devised a number of 
windings with similar properties, but P.A.M. windings allow 
windings to be designed to respond to practically any combination 
of pole numbers.
Even though the frequency converter performs a different 
function from that of the cascade machine, the necessity in both 
these types of machines to have separate fields in the one airgap 
means that the same winding arrangements apply to both, as 
pointed out in References 7 and 8.
A detailed discussion of various types of windings 
applicable to both the rotor and stator of a cascade machine is 
given in Reference 8. It is shown that, for some pole 
combinations, the rotor could consist of a "multicircuit single­
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layer bar winding"8, which has much of the simplicity and robustness 
of a squirrel cage winding. Much of the discussion in Reference 8 
is directly relevant to practical construction of the TSIM, 
though it should be noted that the TSIM is doubly fed, and so 
neither of the stator windings is short-circuited. P.A.M. windings 
with one pole number permanently short-circuited are thus not 
suitable for the TSIM. It is shown in Reference 7 however, that 
voltages can be inserted in "self-paralleling" P.A.M. windings 
so that they are in circuit to one pole number, and not the other. 
This would require a greater number of terminals on the stator, 
however, and each phase of the supply would need to be isolated.
Both these disadvantages would be overcome by using "multi­
parallel-path windings"8, but this introduces restrictions on the 
ratio of the pole numbers. Much work remains to be done on the 
best winding arrangements for the TSIM, taking into account 
simplicity, the best use of slot space, the relative flux densities 
of the two independent rotating fields, and so on. Optimization 
of the winding arrangements is not examined in this study.
Referring to Fig.(l.l), if the supply at 0)2 is replaced by 
resistors between the Stator 2 terminals, or if the Stator 2 
terminals are short-circuited, it can be seen that in general 
currents will circulate in all windings when Stator I is energized 
and a torque will be developed. These are typical cascade 
connections, and will be referred to here as the asynchronous 
connection of the cascade machine. Synchronous operation of the 
cascade machine, when a frequency of u>2  ̂0 is applied to
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Stator 2, is referred to in Reference 8, and here, as operation in 
the doubly fed mode. Operation of the cascade machine with 
0)2 = 0, when Stator 2 is excited with direct current, is referred 
to in Reference 8 as operation in the ’’synchronous mode".
All these modes of operation are analysed in the steady 
state in Reference 8, with particular reference to the type of 
rotor winding referred to as a ’’single layer multicircuit bar 
winding’’. This Reference shows that it is possible to build a 
TSIM with a rotor which has many of the constructional advantages 
of the Squirrel Cage Rotor.
Doubly fed TSIM operation is analysed in the steady state 
in Reference I, for the case where the TSIM is made up of two 
separate machines as shown in Fig. (1.1), and Stator 2 is supplied 
with a variable frequency 0)2 . To the author’s knowledge, no 
dynamic analysis or stability studies have yet been made of the 
doubly fed TSIM.
The essential feature of the machines described above is 
that the rotor, when exposed to a magnetic field rotating in one 
direction relative to it, sets up another field rotating in the 
opposite direction. This is achieved in the connection of Fig.(l.l) 
by directly connecting two separate rotor windings together so that 
currents flowing in one are forced to flow in the other. The 
cage rotor, with the ’’single layer multicircuit winding”8 mentioned 
above, achieves the required result by arranging the rotor 
conductors in such a way that the resultant current distribution 
sets up the desired fields. It has been found that the required 
fields can also be produced by introducing some electric and/or
magnetic asymmetry (e.g., saliency) into the rotor. For instance, 
an ordinary slip ring induction machine, with resistance inserted 
in the rotor, has a tendency to run at about half speed if the 
resistance is not inserted symmetrically. This is because of the 
reverse field set up by the unbalanced rotor circuitry. This 
effect was first noted by Gorges9 in 1896. If one rotor phase is 
open-circuited completely, this tendency becomes even more marked 
and such a machine can be made to run more efficiently at about 
half speed if used with a deliberately designed asymmetrical 
rotor, compared with a normal machine with symmetrically inserted 
resistance in its rotor windings12.
The second field set up by the rotor asymmetry rotates 
at the same frequency as the induced rotor voltages, but in the 
opposite direction, and so at about half speed this field will 
be responsible for low frequency currents flowing in the stator 
supply. This can be seen by putting
w i • ~2
in Eqn.(l.2), and solving for u>2, where 0)2 represents the frequency 
of the reverse field as seen from the stator of the machine with 
the asymmetrical rotor.
This unwanted interference in the stator supply is caused by 
the fact that the reverse field is of the same pole number as 
the supplied field. In the single unit cascade machine, this 
interference can be avoided if the two contra-rotating fields 
are of different pole numbers, and this eliminates their 
undesirable interaction. This interaction has not prevented the 
exploitation of machines with contra-rotating fie Ids of the same
pole numbers, however,
For instance, it is possible to force the machine to 
rotate at exactly half speed by providing some method of D.C. 
excitation on the stator. This then forms a machine similar 
to the single-unit cascade machine described in Reference 8.
The D.C. excitation can be supplied via a second winding on the 
stator. A.C. voltages induced in the D.C. winding then have to 
be removed. One way is to insert another A.C. voltage in series 
with the D.C. source to balance out the unwanted induced voltage, 
as described by Schenfer10.
More recently (1957), Russell and Norsworthy11 showed that 
a second winding on the stator could be eliminated by allowing 
D.C. and A.C. currents to flow in a single winding. They showed 
that D.C. current could be excluded from the A.C. supply by 
running two motors in parallel. Broadway and Tan12 also discussed 
different methods of obtaining D.C. and A.C. excitation in the one 
stator winding. They also showed that a single winding could be 
doubly fed from two separate A.C. supplies, setting up in the 
airgap two fields of different frequencies, as in the TSIM, but 
having the same pole numbers. Unwanted interaction of the two 
supplies was avoided by coupling two such machines together, and 
aligning their asymmetrical rotors correctly.
In some applications the interaction can be ignored. In 
fact it is possible to separate the neutral connections of an 
ordinarily supplied, orthodox, three phase, star-connected stator 
winding of a machine with asymmetrical rotor and to connect them
1 Hto a second three phase system of reverse phase sequence , 
as in Fig. (1.2). For small machines, used for example in 
instrumentation, the resultant currents flowing in both supplies 
may not be unacceptable. This machine is called the "electric 
differential" (References II, 15-17). In Reference 17, it is 
shown that several electric differentials can be arranged in a 
configuration to avoid any unwanted interference in the supplies.
The TSIM is also an electric differential, as shown in 
Reference 18, and several single-unit TSIM's with contra-rotating 
fields of the same pole numbers could also be arranged so that 
no unbalanced currents flowed in the supplies. Removing the 
restrictions on the pole numbers of the two TSIM fields has the 
advantage of giving the TSIM a larger useful speed range.
A single-unit machine supplied from two supplies with 
contra-rotating phase sequences, such as the electric differential, 
and the TSIM, develop a synchronous torque if the rotor is 
designed to set up two corresponding contra-rotating fields.
An asymmetrical rotor can be designed to do this for these 
machines, and several designs are discussed in Reference 12.
The cage rotor8, discussed previously in connection with 
the TSIM, is also shown to be asymmetrical in Reference 13, where 
it is pointed out that current can flow in short-circuited coils 
on one axis, opposing any change of flux on that axis. This 
introduces magnetic asymmetry in the cage rotor, because its 
direct and quadrature axes have differing reluctances.
Another type of asymmetrical rotor considered in Reference 13 
is constructed so that flux barriers are introduced on one of its
1.2.1 Orthodox 3-phase stator windi ng
WITH NEUTRAL POINT SEPARATED
Supply 1 
Frequency 0)̂
a, J T T T U a ,
B
bi o—TTT~iO—obi
Phase sequence a^,b^,c^
c
C| 0-/TTTU C 2
Supply 2 
Frequency
Phase sequence a ^ fc^,b^
1,2,2 Reconnection of a single 3-phase winding
WITH TWO SEPARATE SUPPLIES
FIGURE 1.2 Connections of 3-phase a -b -c
STATOR WINDINGS TO FORM ELECTRIC
DIFFERENTIAL
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axes, thus giving a rotor which could bo said to bo tho magnetic 
dual of tho cage rotor. I'M 5 gives a machine which has I ho same 
principles of operation as the single-unit TSIM, except that the 
rotor performs its function without the need for any rotor currents 
to flow. The analysis and performance of such a machine is 
discussed in Reference 13, and the three modes of operation: 
'’asynchronous”, "synchronous" and "doubly fed", are all mentioned. 
The possibility of this machine being unstable in the doubly fed 
mode is mentioned, but only the steady state behaviour of the 
machine is analysed.
Another type of machine with some similarities to the TSIM 
is that formed by connecting two wound rotor induction machines as 
in Fig.(l.l); except that the electrical connections have their 
phase sequences arranged so that all the magnetic fields rotate in 
the same direction relative to the shaft. The two stator supplies 
are supplied at the same frequency, and so current flowing in the 
rotor and torque delivered by the machine set can be controlled by 
varying the relative phases of the two supplies. Relative phase 
movement of the supplies can be effected electrically, or by 
physically rotating one of the stators. A similar system, but 
with shunt resistances across the common rotor terminals, was 
first examined by Boucherot20 in 1900. The Boucherot principle 
has more recently been used in the design of a twin stator cage 
induction motor to obtain a restricted amount of economic speed 
variation39. This is not a synchronous machine, however, and 
has characteristics quite different from those of the TSIM.
A machine called the "Interconnected Rotor Induction 
Motor", which is similar to the Boucherot motor except that it has 
no shunt resistances across the rotor terminals, was discussed by 
Enslin in Reference 21. It was later shown that this machine 
operates similarly to a "simple squirrel cage motor fed by a 
voltage equal to the magnitude of the phasor sum of the two sets 
of stator voltages"22. Thus, though this machine has two 
separate rotating fields and two stator supplies, it has quite 
different characteristics from the TSIM. However, developments 
from it have helped produce another type of variable speed self- 
cascaded induction motor.
The interconnected rotor machine can be combined into one 
motor with a stationary commutator, so that relative movement of 
the two stators can be achieved by moving brushes bearing on this 
commutator. This principle, discussed in Reference 23, can be used 
to achieve some speed control of a machine similar to the cascade 
machine2**. Compared with the TSIM, an additional "tertiary" winding 
is required on the stator, as well as a stationary commutator and 
brushes.
In a different scheme suggested in Reference 25, the tertiary 
winding can be connected via a rectifier-inverter to the mains 
supply. Controlling the power flow to the mains by adjusting the 
firing angle of the inverter gives some control over the torque 
speed characteristics of this type of cascade connection.
Neither of these schemes provides the range of torque control 
from standstill provided by the TSIM. They are also basically 
asynchronous machines; although it is shown in Reference 24 that
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supplying the tertiary winding with D.C. current can force the 
set to operate in a way which has some similarity to operation of 
the cascade set with one of its stators supplied with direct 
current. Operation with an A.C. supply on the tertiary is not 
discussed, and no evaluation of the dynamic behaviour of the set is 
undertaken.
The TSIM also has some similarities with the doubly fed 
wound rotor induction machine (DFIM). Both machines can be considered 
to rely on slip power adjustment for their speed control. In the 
DFIM, connection of the second supply is made directly to the 
rotor, whereas in the TSIM the slip power from one induction motor 
is transferred by induction to another set of windings on the stator, 
and the second supply is connected to the stator, not the rotor.
This makes the TSIM less efficient than an equivalent DFIM, because 
of this extra stage before connection of the second supply. In the 
DFIM there is only one rotating magnetic field, but a single-unit 
TSIM needs sufficient stator yoke area to support two fields.
However, the TSIM needs no brushes or slip rings, and can be 
constructed with a cage rotor, as mentioned above. The torque speed 
characteristies for the two machines are quite different, but both 
have stability problems in doubly fed operation.
The preceding discussion, in addition to reviewing developments 
in several machines similar to the TSIM, has shown that there are 
available stator windings for single-unit cascaded machines which 
have a minimum of increased complexity over those used on simple 
induction machines. In addition, the development of suitable cage 
rotors, or asymmetrical rotors without any windings, makes it
possible in principle to build a constructionally simple TSIM in 
one frame. This provides further motivation therefore, for an 
investigation of the performance of the TSIM.
I.4 Summary of Material Presented in this Thesis
This study further considers the development of the cascade 
connection of two induction machines by investigating its dynamic 
behaviour when operated as a variable speed A.C. motor.
If the TSIM is to be used effectively in this mode, it is 
necessary to know under what conditions it will operate stably 
and a quantitative measure of its degree of stability is important 
A knowledge of its type of response to changes in speed and torque 
is also necessary if it is to be used as an element in the kinds 
of control systems in which D.C. machines are commonly employed.
A theoretical analysis of a TSIM made up of two separate 
induction machines is presented in Chapter 2.
In Chapter 3, this analysis is used to find the regions of 
stable operation, the degree of stability, and the nature of the 
response of a TSIM. The way in which the TSIM design affects its 
operation is also discussed, and other factors which theoretically 
affect the dynamic behaviour are mentioned. In addition, several 
feedback schemes are analysed for their effects on the TSIM dynami 
characteri sties.
A comparison of several experimental results with the 
theoretical results is presented in Chapter 5.
These theoretical and experimental results apply to a TSIM 
made up of two separate induction machines. For such a TSIM, 
spurious interaction between the two contra-rotating magnetic
fields in the separate machines is minimised. However, additional 
experimental results from a single-unit TSIM, where the two fields 
exist in the one machine, are presented jn Chapter 6 to show that 
useful predictions about the dynamic behaviour of such a machine 
can be made from the analysis used here.
A further extension of the use of the cascade connection is 
its operation as a stepping motor with large torque capability. 
Electronic circuitry to achieve this operation in an open loop 
position control system is presented in Chapter 7, and some 
results obtained from the experimental operation of the TSIM in th
mode are discussed.
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CHAPTER 2: THEORETICAL ANALYSIS .
2.I Introduction
The analysis presented here applies to the connection of any 
two wound-rotor induction machines as shown in Fig.(l.l). The 
analysis is generalized to include machines with dissimilar pole 
numbers.
Because of the non-linearity of the differential equations 
describing induction machines, the method of analysis used here is to 
linearize the TSIM equations about an operating point. The resultant 
differential equations relating small perturbations of the TSIM 
qunatities are analysed using eigenvalues.
The eigenvalue method used here requires that the differential 
equations have time .invariant coefficients. Since in general the 
currents and voltages in the TSIM are sinusoidally varying with time, 
obtaining time invariant steady state values for these quantities 
involves a mathematical transformation. The physical explanation 
for this transformation follows from the fact that in the steady 
state all the fluxes in a balanced three phase machine may be 
considered to rotate at a uniform angular velocity. The transformation 
introduces a reference frame rotating at this velocity, from which 
all the fluxes and impressed voltages appear as D.C. quantities. 
Relating these quantities to physically observable quantities can 
lead to conceptual difficulties19 however, which are avoidable if 
the transformation is considered simply as a mathematical 
transformation.
Park used a similar transformation with reference to synchronous
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machines29, based on theory developed by earlier workers. Kron, 
in numerous publications (for example References 30, 31), showed 
that considerable advantage could be obtained by analysing most 
balanced polyphase machines using rotating reference frames.
Small perturbations of Kron’s equations for a single induction 
machine, with short-circuited rotor, have been used in a root locus 
analysis of the stability of a single induction machine3*1. These 
equations were also used in an eigenvalue analysis of induction 
mach i ne stab iI Ity3 2.
Equations derived in Reference 37, similar to those developed 
by Kron, have formed the basis for further studies of induction 
motor stability. Small perturbations of these equations were used 
in a stability study of a rectifier-inverter induction motor 
combination, using the Nyquist criterion**1. Another eigenvalue 
study of induction motor stability, using the appropriate matrix 
derived from these equations of small perturbations, has been presented 
in Reference 33.
Kron has presented the equations of small perturbations for a 
single doubly fed induction machine using a transformation 
corresponding to a rotation of the reference axes with the stator 
fluxes31. To obtain equations describing the TSIM it is necessary 
to combine the equations for two doubly fed machines however. If 
this combination is to be achieved simply there are restrictions on 
the choice of transformations which can be made for each machine, 
as discussed later.
The particular transformations used here are not unique, and 
all transformat ions which reduce the currents and voltages to D.C.
S'
quantities, and allow the equations for Machines I and 2 to be 
mathematically interconnected, will give a system of equations 
similar to those found here. The eigenvalues of such a system will 
be identical to those discussed in this study.
The eigenvalues considered in this study were found by using 
a computer, as discussed in Sec.(4.7). Despite the fact that finding 
a set of TSIM eigenvalues for perturbations about an operating point 
involves first solving the steady state equations defining the TSIM 
operating point, and then some matrix manipulation (Sec.(2.2)), the 
total computation time to find one operating point and its associated 
eigenvalues was much less than one second on the computer used 
(Sec.(4.7)).
One advantage of using the small perturbation equations of an 
induction machine to analyse its dynamic performance is that the 
interaction of its mechanical and electrical components is taken 
into account. Other simpler methods of analysis which neglect this 
interaction are available, and can give good results in some cases**2'**3. 
However, these methods fail to correctly predict the dynamic behaviour 
of induction machines at some speeds at low supply frequencies3**. An 
additionaI advantage of the small perturbation analysis is that it can 
be easily extended to take into account the effects of feedback to a 
supply frequency, as discussed later.
2.2 Eigenvalue Analysis of Small Perturbations of the TSIM 
Assumptions made in this analysis are as follows:
(I) The TSIM is made up of two three phase, symmetrical, 
wound rotor induction machines with uniform airgaps 
connected as shown in Fig.(l.l).
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(2) Both Stator I and Stator 2 are supplied from balanced 
three phase three wire sinusoidal supplies.
(3) Each machine has its stator windings arranged so that when 
it is fed with balanced phase currents one rotating MMF 
wave, sinusoidal in space, is produced in its airgap.
(4) In each machine the rotor conductors are arranged so 
that, at any instant of time in the steady state, the 
rotor MMF wave set up by the rotor currents is a space 
sinusoid having the same number of poles as the stator 
MMF wave.
(3) Magnetic saturation is neglected. Superposition of
magnetic fields applies, and self and mutual inductances 
of all machine windings can be considered to be 
independent of winding currents. This is not a severe 
restriction on the applicability of the analysis, as 
the fluxes within the TSIM remain substantially constant 
for most transients. This is discussed further in Sec.(4.4).
(6) Eddy current and hysterisis losses are ignored. These 
losses are not expected to affect the dynamic behaviour 
of the TSIM signficantly (Sec.(4.4)).
(7) Effects of temperature and frequency changes on the 
machine parameters are ignored. These parameters showed 
little variation over a wide frequency range (Sec.(4.I.3)).
In this section and in subsequent sections equation numbers with 
a prefix A are referred to. Eqn.(AX.Y) refers to Equation Y in 
Appendix X.
In this analysis the separate symmetrical balanced induction 
machines in Fig.(l.l) are replaced by their two phase equivalent
machines. The particular three-phase to two-phase transformat ion 
used here is given in Eqn.(AI.I).
Because only balanced conditions are considered here, the 
three voltages or currents of the three phase machines are always 
fully defined by any two, and the three to two phase transformation 
is effectively a method of removing redundant quantities from the 
machine equations.
The two phase equations for each machine, Eqn.(AI.6), are 
further transformed by relating their voltages and currents to a 
d-q reference axis system defined by a time varying angle of 0C . 
This d-q transformation is used because it eliminates time varying 
coefficients from the final TSIM differential equations.
Under the d-q transformation, the differential equations of 
each of Machines I and 2 (Fig.(l.l)) can be written in the form 
(Eqn.(A I.8)):
m  = [z: c o  (2.D
where:
[V] is a 4-vector of the applied voltages to the stator and 
rotor of a single doubly fed induction machine.
[I] is a 4-vector of its currents.
[Z] is its (4 x 4) impedance matrix, which contains the 
differential operator p =
The derivation of Eqn.(2.1) is given in App.l.
The reference’angIes 0C | and 0C2 of the d-q transformations 
applied to Machines I and 2 respectively are chosen, in the analys 
used here, so that the equations of the form of Eqn.(2.1), written 
for each machine, can be very simply combined to correspond to the
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rotor electrical connections shown in Fig.(1.1.2). This 
combination then forms the differential equations relating the 
TSIM voltages and currents. These equations are of the form 
(Eqn.(A2.16)):
. [VxD = [ZT] [IT] (2.2)
and their derivation is given in App.2.
All the TSIM quantities are considered to consist of a 
steady state quantity plus a small transient perturbation. The 
machine currents for example, are written:
[IT] = [ITO] + [AIT] (2.3)
where [iyo] are the steady state currents, and [AIj] are the 
small perturbations of these currents about [Ij o] during a transient. 
During the steady state therefore, all perturbations are set to 
zero, and Eqn.(2.2) reduces to a set of time independent algebraic 
equations (Eqn.(A3.9)) of the form:
[vT0: = [zT0: [iT0: (2 .4)
These can be solved to find the steady state TSIM voltages and 
currents [Vj o ] and [ijo]* as shown i n App.3.
It is also shown in App.3 that some of the terms in [Vj q ] 
are sinusoidally dependent on phase angles, and so solving Eqn.(2.4) 
directly involves solving a set of non-linear algebraic equations.
The steady state TSIM quantities can be found from linear equations1, 
but since a computer was required in order to find the eigenvalues, 
a computer program was written to solve Eqn.(2.4) iteratively
(Sec.(4.7)).
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During a TSIM transient the transient TSIM currents will cause 
transient torques which affect the TSIM shaft speed. Changes in this 
shaft speed will affect the induced voltages and consequently the 
currents. The TSIM is therefore an interacting electrical and 
mechanical system and the equation of motion of the TSIM rotor, 
Eqn.(A2.24), is required in addition to Eqn.(2.2), before a 
complete description of the dynamic behaviour of the TSIM is 
obta i ned.
Eqn.(2.2) and Eqn.(A2.24) are non-linear differential 
equations, and so there is no simple general method of examining 
the stability of the overall system. However, if small perturbations 
about a steady state operating point calculated from the algebraic 
equations, Eqn.(2.4), are considered, the equations can be linearized 
about this operating point, and a linear system of differential 
equations relating the small perturbations of the TSIM quantities 
can be analysed, after some manipulation, using standard linear 
control theory.
It is shown in App.4 that these perturbation equations can be 
written as eight first order differential equations (Eqn.(A4.19)) of 
the form:
[AVoH = [ZD] [AID] (2.5)
where:
[AVD] is an 8-vector consisting not only of small perturbations 
of voltage, but also any change in externally applied torque.
CAIpD consists of small perturbations of current, shaft 
speed and shaft position.
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[Zp] has the differential operator p amongst its elements.
Eqn.(2.5) can therefore be rewritten by partitioning [Zp] into 
separate matrices, CA] and CB], to form (Eqn.(A4.20)):
[AVD] = [a: [Alp] + [B] [pAIp] (2.6)
The ’ p 1 operator has been removed to form the column vector [pAIp], 
and [A] and [B] have time invariant elements for each operating 
point about which the small perturbations are considered.
Eqn.(2.6) can be re-arranged as follows:
[paid] - m  caidd + c b j 'cavd: a . D
where:
[E] = -CBr'CA] (2.8)
Eqn.(2.4) is written in a way which ensures that the steady 
state TSIM quantities are time invariant, and so Eqn.(2.7) represents 
a set of linear differential equations with time invariant coefficients 
arranged in a form which allows standard linear control theory to be 
used on the TSIM. In particular, if all the elements of [AVp] are 
zero, information about the dynamic behaviour of [Alp] is contained 
in the eigenvalues of [E]28.
In the analysis presented in this section the equations describing 
the transient behaviour were derived using transformations, and then 
small perturbations of these transformed equations were considered.
A less specialised approach is available which uses transformations 
applied to generalized small perturbation or hunting equations.
These transformations can become very complex however, particularly 
when they involve transiently oscillating angles 9 .
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2.3 Discussion of TSIM Eigenvalues
The matrix Eqn.(2.7), is an 8 x 8 matrix and has ■
eight eigenvalues. These eight numbers are usually in four 
complex conjugate pairs each of the form:
a ± j2irf
where j = In this thesis these eigenvalues are plotted as
points on the complex plane, where the vertical or imaginary axis 
specifies the values 2irf, and the horizontal or real axis specifies 
a.
If [AVD] = 0 in Eqn.(2.7), the part of the natural response 
of the system of differential equations, Eqn.(2.7), related to a 
complex pair of eigenvalues of CE3 having the value a ± j2ttf, is of 
the form20:
C ea+ sin(2irft + D) (2.9)
where:
t = time (secs.)
C, D are constants
f is the frequency (Hz), and a is the damping of the part 
of the overall response related to this eigenvalue.
If the values of a for every eigenvalue at a steady state 
operating point are negative, then the perturbations of the TSIM 
currents and voltages about that steady state operating point decay 
with time and the TSIM is defined to be stable at that point. The 
real and imaginary parts of the eigenvalues also give information 
about the transient damping and frequencies of the TSIM at that 
operating point.
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The variation of the TSIM natural response and of its 
stability regions, as a function of various factors affecting 
its operation, can be determined from an investigation of the TSIM 
eigenvalues as discussed in the following sections.
2.4 Analysis of the TSIM Dynamic Behaviour
2.4.1 Inherent Stability and Dynamic Response of the TSIM
The inherent stability of the TSIM with no feedback and no 
friction and windage, can be found by investigation of the eigenvalues 
of EE], Eqn.(2.7). This can be seen by examining EAVqH in 
Eqn•(A4.19). If there are no amplitude variations in the supply 
voltage during transients, no frequency variations in the 
supplies to Machines I and 2, and no load torque changes, then 
[AVD] = [0], and the eigenvalues of EE] specify the natural response 
of small perturbations of the TSIM (Sec.(2.3)).
As shown by Eqn.(A3.ll) to Eqn.(A3.15), all the steady state 
frequencies of the TSIM can be specified in terms of the slip ’S’ 
of Machine I. The steady state currents EIt o^ an<̂  "^e sPee  ̂of +he 
TSIM are fully specified by the load angle $ and the slip ’S f 
(App.3). Since the matrix EA] in Eqn.(2.8) has terms involving 
these steady state currents and frequencies, and the matrix EeU 
is a function of EA], the eigenvalues of EE] can be examined as a 
function of $ and S. By calculating the steady state torque 
corresponding to the particular value of $ chosen, the eigenvalues 
can also be found as a function of torque and slip. This therefore 
allows the natural response and stability of the TSIM to be found 
as a function of torque and slip, or as a function of torque and 
speed, as shown in Chapter 3.
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2.4.2 Eigenvalues as a Function of Design Constants and 
Supply Voltage
The elements of matrices [A] and [B] are functions of 
resistance, inductance and inertia (App.4), and so at every steady 
state the eigenvalues of [E] can be investigated as a function of 
these design constants. This enables an examination of their effect 
on the TSIM dynamic performance, as shown in Sec.(3.4).
In [A] there are terms involving the amplitude of the steady 
state voltage supplied to Machine 2 (VS2o)> and so +he eigenvalues 
of [E] are functions of VS2Q* ^s20 may increased at low supply 
frequencies in order to maintain rated flux in Machine 2, and the 
effect that this has on the TSIM dynamic behaviour can therefore be 
found by examining the eigenvalues of CED as Vs20 is varied, as 
shown i n Sec.(3.6).
2.4.3 Eigenvalues as a Function of Resistance Rpc in the D.C.
Line to an Inverter Supplying Machine 2
Since speed control of the TSIM is obtained by varying the 
frequency of the supply to Machine 2 (Sec.(1.2)), Machine 2 is likely 
to be fed from a variable frequency inverter supplied from a D.C. 
voltage derived from the mains via a rectifier. Whatever the source 
of this D.C. voltage, it will in practice have some impedance. This 
can require a new set of equations to take into account the interaction 
of this impedance with the machine it is supplyi ng1*1. However, the 
effect of resistance in the D.C. source can be included in the 
perturbation equations considered here as described in the following.
This resistance introduces power dependent perturbations in
the magnitude of the Stator 2 supply voltage Vs2 - Referring to 
Fig.(2.I):
r dc
o----------------- W v --------------- 0
D.C. source Vg
o— —  -------------- - ------- - --- — — --- ~o
FIGURE 2.I D.C. Supply to Machine 2.
Rqq = D.C. source resistance
Iqc = D.C. current into inverter
Vg = D.C. voltage behind the D.C. resistance, assumed 
constant at all times.
VdC = Voltage applied to inverter.
In the steady state Vqq and Iqq are constant, but during transients 
they vary with time.
The amplitude of the Stator 2 supply voltage VS2 is proportional 
to the voltage Vqq supplied to the inverter (App.5). The variations i 
V(X during transients therefore cause perturbations in Vs2 -
If the inverter is lossless (or if the ?nverter losses can be 
taken into account as discussed in Sec.(3.7)), then at all times:
D.C. power supplied to inverter = Power P2 into Machine 2.
IDC
DC
to inverter 
supplying 
Mach i ne 2
VDC XDC = p2 (2.10)
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In the steady state Vqq = Vq q q , and Iqq = Iq q o - bV 
considering small perturbations of Eqn.(2.10) therefore, it can 
be seen that:
AVqq IDCO + AIdC vDC0 = AP2 (2.1
With Vq constant, it can be seen from Fig.(2.1) that small 
perturbations in Vqq and I qq are related by:
AVDc = "AIqc Rqc . (2-1
From Eqn.(2.12) and Eqn.(2.II):
AVdc = -Rpc AP2 (2.13)
vDC0 “ rDC iDC0
The power dependent perturbations of voltage given by Eqn.(2.13), 
which are introduced by the presence of Rqq in the D.C. supply, can 
be included in the TSIM equations as shown in App.5, so that 
(Eqn.(A3.6)):
p[AlD] = [Edc] [Alp] (2.14)
where the elements of [Eq q] depend on Rq q .
Because [ E qq]  has terms involving Rqq, the effect of Rqq on the 
TSIM natural response can be found by examining the eigenvalues of 
[EQQ] as a "function of Rq q . This is done in Sec. (3.7).
2.5 Effect of Feedback on the TSIM Eigenvalues
2.5.1 Introducti on
Feedback to the frequency of the supply to Machine 2,
dt
is considered here, as this is easy to implement practically.
If the amplitude of the applied voltages to the TSIM are 
constant, and no changes in the frequency of the supply to Stator I 
are made, then in the expression for [AVq] in Eqn.(A4.20):
43
A0, = AVS| = AVs2 = 0 (2.15)
However, the various forms of feedback considered here introduce 
relationships involving A02 which give non-zero terms in [AVq H.
In the following sections it is shown how the TSIM equations can be 
re-arranged so that the TSIM natural response can stiI I be found by 
examination of the eigenvalues of a matrix.
2.5.2 Phase Lag Velocity Feedback
With this feedback the frequency of the supply to Machine 2 
is controlled so that during transients:
where 0r 2 is the position of the TSIM shaft expressed in electrical 
radians of Machine 2.
When K| = 0, the variations in A02 are directly proportional 
to the integral of A0rm, which does not appear as one of the TSIM 
variables in EAIdX  Eqn.(A4.l9). For non-zero K|, Eqn.(2.l6) can 
still not be expressed in terms of the variables EAIq H, and this 
feedback increases the order of the TSIM differential equations by 
one, making it a ninth order system.
An additional row and column is introduced to form new 
equations describing the TSIM so that:
A— 2. + Kj A©2 = f<2 A0p2 (2.16)
[AVDL] = [ALV] [AIdiJ  + [BlvI CpAIdlD (2.17)
where EAVd lI and CAIq lH are ( 9 x 1 )  column vectors so that:
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[AVpL] =
tAVol 
_ 0 _
:a idl: =
tAiD:
A02
[AVp] and [Alp] are given in Eqn.(A4.l9).
CALV—1 an<̂  CB|_yD are ^  x matrices which consist of the (8 x 8) 
matrices CAD and LB] (Eqn.(A4.20)), plus an additional ninth row 
and column with elements arranged to produce Eqn.(2.16), as shown 
i n App.7.2.
The elements of EAVq lH which depend on A02 can now be removed 
from the left hand side of Eqn.(2. 17) to the ninth column of [A|_yl 
giving a new matrix EAlvf^ as shown in App.7.2. The TSIM equations 
are then re-arranged to form, (App.7.2):
CpAlDL] = [Elv] [AIdl] (2.19)
where [E|_y] = 1 [Alvf^
Kj and K2 appear as elements of CA[_ypH, and so the dynamic 
behaviour of small perturbations of the TSIM can be found by 
examining the eigenvalues of EE|_yD as a function of K| and K2 .
2.5.3 Proportional Velocity Feedback 
This controls A02 so that:
A02 = KP A0r2 (2.20)
Introducing this into the TSIM equations is simply a matter 
of removing the A02 terms in CAVpl to the right hand side of the 
original TSIM equations, Eqn.(A4.20), so that these terms give 
rise to elements in an (8 x 8) matrix EApH. This matrix is
similar to CA] in Eqn.(A4.20), except for two terms representing 
the changes in Machine 2 supply voltages caused by Eqn.(2.20). Thi 
leads to the equation, (Eqn.(A7.4)):
[PAID] = -C E p ] [AID] (2.21)
describing small perturbations of the TSIM, as shown in App.7.3.
CEp] is a function of CAp], and CAp] has elements dependent 
on Kp (App.7.3). The eigenvalues of CEp] can therefore be plotted 
as functions of Kp in order to find the effect of the feedback 
Eqn.(2.20) on the TSIM natural response.
2.5.4 Derivative Velocity Feedback
This controls A82 so that:
Aq2 = Kq A p 0r2 (2.22)
This is introduced into the TSIM equations by removing the 
A©2 terms in CAVp] to the right hand side of the original TSIM 
equations, Eqn.(A4.20). These A02 terms give rise to elements in 
an 8 x 8 matrix CAp], which has identical elements to CA] in 
Eqn.(A4.20) except for two terms in its seventh column representing 
the changes in Machine 2 supply voltages caused by Eqn.(2.22).
CAp] is given in App.7.4.
The equations of smalI TSIM perturbations become,under the 
influence of this feedback (Eqn.(A7.6)):
CpAlp] = CEp] [AId] (2.23)
The eigenvalues of CEp] depend on Kp, as shown in App.7.4, 
and so they can be found as a function of Kp.
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2.5.5 Phase Lag Current Feedback
d 0This feedback controls the frequency -̂2- so that:
+ K| A02 = K2 AIdc (2.24)
where AIqq is the transient variation of D.C. current into an 
inverter supplying Machine 2. For a constant D.C. supply voltage 
VDC> these transient variations in current are proportional to 
transient variations in power supplied to Machine 2. This feedback 
is therefore a power dependent feedback.
It is shown in App.7.5 that AIqq is a function of several of 
the TSIM variables EAIqH, as well as of A02* The presence of A^2- 
on the left hand side of Eqn.(2.24) means that when A©2 is controlled 
by this feedback law it cannot be expressed in terms of the variables 
EAIq ]. Eqn.(2.24) therefore raises the order of the differential 
equations describing small TSIM perturbations.
An additional equation is introduced to include Eqn.(2.24) in 
the TSIM equations. The small perturbation equations become:
[AVd lH = [ALI: [AIdl] + [BLI] [pAIDL] (2.25)
where EAVq lH and EAIq lD are 9 x I column vectors defined as in 
Eqn.(2.l8). [A|_j] and EB|_j] are 9 x 9  matrices which consist of
all the elements in the 8 x 8 matrices EA[] and EB] in the original 
TSIM equations, Eqn.(A4.20), plus several extra terms to take into 
account all the terms of AIq q , as shown in App.7.5.
When the non-zero terms of EAVq lX  which are functions of A©2, 
are removed to the right hand side of Eqn.(2.25), the TSIM equations 
can be re-arranged to form:
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CpAIDL] = [Eli] [AId l] (2.26)
as shown i n App.7.5.
The eigenvalues of [E|_j] therefore define the TSIM natural 
response for small perturbations under the influence of the feedback 
law Eqn.(2.24), and can be examined as a function of K| and K2 .
2.5.6 Proportional Current Feedback 
This is of the form:
A02 = Kp AIqq (2.27)
This allows A02 to be expressed in terms of the TSIM variables [AIq ] 
as shown in Eqn.(A7.l2).
When the non-zero terms of [AVq] which are functions of A02 
are transferred to the right hand side of the TSIM equations, these 
equations can be re-arranged to form, as shown in App.7.6:
[p AIq] = [Epj] [AIq ] (2.28)
The effect of this feedback on small perturbations of thè 
TSIM is therefore found by examining the eigenvalues of [Epj] as 
a function of Kp.
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CHApTER 3 : THEORETICAL PREDICTIONS OF THE TSIM DYNAMIC 
CHARACTERISTICS
3.I Introduction
In this Chapter, the dynamic behaviour of a TSIM made up of 
two similar wound rotor induction machines of the same pole numbers, 
connected as shown in Fig.(l.l), is examined. Except where otherwise 
specified the machine constants inserted into the equations of 
Chapter 2 are those measured for the experimental TSIM considered in 
Chapter 4, and are given in Sec.(4.1.3).
Both machines of this TSIM are 4-pole machines (Sec.(4.I.I)).
Using Eqn. (A3.12) to Eqn.(A3.l5), the steady state frequencies used 
in the TSIM small perturbation equations are:
Ct>s = Su) |
| = 0)r 2 = (I — S )a) | (3.1)
(i) 2 = (I — 2S) 0) |
The Stator I supply frequency (u)|) used here is 314 rads./sec.
The shaft speed, u)rm, is given by Eqn. (A3. 14):
u)rm = |(l - S)oj| mech. rads./sec. (3.2)
As S varies from I to 0 therefore, the shaft speed of the TSIM considered 
here varies from 0 to 1500 r.p.m. This range includes speeds at 
which useful steady state torque can be produced by the TSIM, and in 
which it is likely to find practical applications1.
It can be seen from Eqn.(3.1) that the frequency of the supply 
voltage to Stator 2 varies according to the slip S. In order to 
maintain the flux in Machine 2 approximately constant, the steady 
state voltage amplitude to Stator 2, VS2Q> is varied with the speed
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so that:
vs20 , 4I5^
0)2 o)j
Substituting for o>2 from Eqn.(3.l) gives'
vs20 = l<l - 2S)| 415/2 Volts (3.3)
where 415/2 Volts is the rated voltage amplitude of Machine 2 when 
it is supplied at o)j . Unless otherwise speci f ied ,the voltage to 
Stator 2 used in finding the TSIM eigenvalues is given by Eqn.(3.3).
In practical operation VS2Q would be increased above its value of 
Eqn.(3.3) to prevent flux weakening at slips near 0.5. However, 
this has little effect on the trends discussed in the following sections, 
as discussed in Sec.(3.6).
At S = 0.5 the voltage VS20 to Stator 2 is zero, and at this 
speed Stator 2 must be supplied with direct current to maintain 
synchronous operation of the TSIM. Operation with direct current 
supplied to Stator 2 is mentioned only briefly in this Chapter.
In the following sections the four pairs of eigenvalues of the 
TSIM matrix EEU (Sec.(2.3)) are numbered one to four, and Eigenvalue I 
refers to the complex conjugate pair:
a| ± j 2 ir f |
The locus of Eigenvalue I as some TSIM parameter is varied refers to 
the curve of (otj, 2 tt f j), produced by the parameter variation, plotted 
in the complex plane.
If the real part of an eigenvalue is positive, then that 
eigenvalue lies to the right of the vertical axis of the complex plane,
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and is referred to as being in the right half plane (R.H.P.). If 
tho real part lies In fho loft half piano (l.fl.P.) a is nogatlvo.
The natural response of the TSIM is a function of all of its 
eigenvalues. However, those eigenvalues with large negative real 
parts give rise to transients which decay rapidly with time (Sec.(2.3)) 
The response can then be assumed to be dominated by eigenvalues close 
to the vertical axis of the complex plane. In particular, as will be 
seen later, Eigenvalue 4 usually dominates the response and the TSIM 
can be approximated, for small perturbations about an operating point, 
by a second order system having eigenvalues (014 ± j 2 ^ 4). The 
effects of different parameter variations on the TSIM natural response 
can then be discussed by considering their effects on the TSIM damping 
((X4) and frequency (f4).
Estimations of the TSIM natural response,obtained from an 
eigenvalue ana Iysis,refer rigorously to the response of small 
perturbations of the TSIM. However, this response is expected to 
apply to practical TSIM transients for the reasons given in Sec.(3.3.4) 
Experimental evidence for this assumption is presented in Chapter 5.
By considering the eigenvalues of the matrix EE] as discussed 
in Sec.(2.4.1), the inherently stable and unstable TSIM operating 
regions will be discussed in Sec.(3.2). In Sec.(3.3) the natural 
response of the TSIM over its speed and torque range is examined.
To obtain information about the way in which a machine designer 
can affect the TSIM’s dynamic operation an examination is presented 
in Sec.(3.4) of the variation in the TSIM’s natural response and of 
its stability regions with:
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(a) Sta+or I resistance
(b) Stator 2 resistance
(c) Rotor resistance
(d) Leakage inductance and distribution of leakage 
inductance between stator and rotor.
(e) Rotational inertia of the TSIM shaft.
It is found from these eigenvalue examinations that the TSIM 
eigenvalues can be related to various physically understandable 
aspects of the TSIM’s operation (Sec.(3.5)).
In Sec.(3.6) the effect on the natural response of increasing 
Machine 2fs supply voltage amplitude, so that the flux strength in 
this machine is maintained at slips close to 0.5, is examined.
The effect on the TSIM dynamic performance of resistance in 
the D.C. source feeding an inverter supplying Machine 2 is discussed 
i n Sec.(3.7).
In Sec.(3.8) the effect of friction and windage on the TSIM 
dynamic performance is mentioned. Also, the effect that "stiction", 
or coulomb friction, which arises when the angular velocity of the 
TSIM shaft passes through zero, has on the TSIM stability is 
i nvesti gated.
Finally, in Sec.(3.9), the stabilisation of the TSIM by means 
of various forms of feedback is examined. The effects that these 
feedback methods have on the TSIM natural response are also considered.
3.2 Inherent Instability of the TSIM
In this section the range of torques and speeds for which the 
TSIM is inherently unstable is found. The eigenvalues of the matrix 
[E] for the TSIM discussed in Sec.(3.1) are examined in accordance
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with the theory outlined in Sec.(2.4.1).
3.2.1 Non-osci Ilatory Instability
In the same way that a conventional synchronous machine has a 
load angle, which determines the torque for a given supply voltage 
and field excitation, there can be defined for the TSIM a load angle $ 
which determines the torque for given supply voltages (App.3). In 
an idealised synchronous machine, and also in an idealised TSIM, the 
electromagnetic torque is sinusoidally dependent on this angle1.
Fig.(3.1) is a plot of Torque against $ for the TSIM considered 
here at a slip of 0.85. When $ = 0 the torque is approximately zero, 
and as $ increases so does the torque until it reaches a maximum. Any 
further increase in load angle decreases the torque. If,during the 
operation of the TSIMf$ is increased slightly past the point of 
maximum torque by, for example, a sufficiently large load on the TSIM’s 
shaft, the TSIM will lose synchronism and accelerate, increasing $ 
still further. The larger $ becomes, the smaller the torque the TSIM 
can develop, and so the response predicted from the small perturbation 
analysis at this point would not be expected to be oscillatory, but 
simply growing exponentially with time. Thus at least one of the 
eigenvalues would be expected to lie in the R.H.P. on the real axis 
when the TSIM is operating near its maximum torque. A similar argument 
applies when the TSIM is developing its maximum generating torque. 
Therefore, at every speed the TSIM should have two non-osci Ilatory 
unstable points, corresponding to the machine pulling out of synchronism 
at both its maximum generating and motoring torques (called the 
’’pull-out torques”).
- 1 2 0  - 6 0  O  6 0  12 0
5
( degrees )
FIGURE 3 .1  TSIM torque v , load angle at 
s = 0 .85
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If the eigenvalues of the TSIM are examined it is found that 
at every speed there are two torques for wh;ch an eigenvalue lies on 
the real axis and has a value in the R.H.P. Without exception these 
torques coincide with the maximum torques (motoring and generating) 
available from the TSIM at that speed.
The rapidity with which one real part of the eigenvalue moves 
into the R.H.P. with changing $, once the maximum torque is exceeded, 
is illustrated in Fig.(3.2). This figure shows both the real part and 
the imaginary part of the dominant eigenvalue (Eigenvalue 4) for the 
slips of 0.55 and 0.85. It can be seen from this figure that once the 
angle $ for maximum motoring or generating torque is reached, there is 
negligible extra change in $ required for the dominant eigenvalue's 
frequency to fall to zero and for the machine to become unstable.
Fig.(3.2) also shows that non-osciI Iatory instability occurs 
irrespective of whether or not the TSIM was at a stable operating 
point before the maximum torque was exceeded. Eigenvalue 4 for the 
slip of 0.85 for example, lies wholly in the R.H.P. for all $, whereas 
Eigenvalue 4 for the slip of 0.55 lies in the L.H.P. for TSIM operation 
within the maximum torque limits.
These pull-out torques can therefore be drawn on a torque-slip 
plane for the TSIM, and are shown on Fig.(3.3). There can be no 
torque outside these limits, and at torques near these limits the 
TSIM is close to becoming osciI IatoriIy unstable. On this figure, and 
in all other figures in this Chapter, positive torque is motoring 
torque and negative torque is generating torque.
Also on Fig.(3.3) are shown curves for "rated operation" of the 
TSIM. On these curves the TSIM has "rated currents" flowing in it.
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FIGURE 3 .2  Non-oscillatory instability
AT TSIM PULL-OUT TORQUES
TO
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FIGURE 3,3 Regions of inherent tsim instability
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The area between these curves gives an approximate indication of the 
range of torques and slips in which the TSIM can safely operate 
without excessive heating. A definition of "rated operation" is 
given in Sec.(4.1.4). It can be seen from Fig.(3.3) that the pull-out 
torques are well outside the normal operating limits of the TSIM at 
most slips.
The value of the TSIM torque on the vertical axis of Fig.(3.3) 
is defined so that a torque of 1.0 p.u. from the TSIM is the sum of 
the per unit torques from Machines I and 2 (Sec.(4.I.4)).
3.2.2 Osci I Iatory Instab iIi ty
Between the outside torque limits on Fig.(3.3) there is a unique 
torque for every $ at any slip. Between these limits therefore,, 
the TSIM steady state is specified by its torque and its slip, and 
the stability regions of the TSIM can be found as a function of torque 
and slip.
If the TSIM operates within its pull-out torques the dominant 
eigenvalue of QeH (Sec.(2.4.I)) lies off the real axis. When it lies 
in the R.H.P. therefore, the perturbation analysis indicates that 
the TSIM will be unstable and that this instability will take the form 
of sinusoidal oscillations of exponentially increasing amplitude 
(Sec.(2.3)). This is referred to here as oscillatory instability.
Consider the stability boundary AB for example, which is the line 
separating region A from region B on Fig.(3.3). For all torques and 
slips lying in region B the dominant eigenvalue lies in the L.H.P., 
and for all torques and slips lying in region A the dominant eigenvalue 
lies in the R.H.P. On the boundary AB the eigenvalue lies on the 
imaginary axis. Similarly, the boundary DE marks the transition between
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unstable areas of operation in region D, and stable operating areas 
in region E, and the boundary CD separates the stable operating 
area C from the unstable area D. The areas of inherently unstable 
operation for the TSIM considered here are therefore given by regions 
A and D on Fig.(3.3) and in these areas the TSIM would be expected to 
exh i b i t osc iI Iatory i nstab iIi ty.
3.3 Natural Response of the TSIM
3.3.1 Introduction
In this section, the inherent dynamic response of the TSIM 
is investigated by examining the eigenvalues of CEU as explained in 
Sec.(2.4.1). These eigenvalues are usually in four complex conjugate 
pairs and are labelled I to 4 as discussed in Sec.(3.1). The real 
part of Eigenvalue x is referred to as ax, and its imaginary part 
is 2 it fx .
The position of the dominant eigenvalue in the complex plane 
depends on both torque and slip. The natural TSIM response is therefore 
both torque and speed dependent, and this discussion of the nature of 
the response is divided into two sections. Sec.(3.3.2) describes the 
way the TSIM response varies as the speed varies at a constant torque 
and Sec.(3.3.3) describes the change in response as the torque is 
varied at a constant speed.
3.3.2 Variation of the TSIM Natural Response with Speed
Fig.(3.4.1) shows the variation of the real parts of Eigenvalues 
I, 2 and 4 with slip, at a torque of zero. Eigenvalue 3 is sufficiently 
far into the L.H.P. at all slips that it does not appear on this
figure.
5.4.1 Damping
5.4.2 Frequency, 2TT
FIGURE 5.4 Variation of eigenvalue 4, °c< 
and ©¿2with slip at zero torque
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These curves are plotted at zero torque, and at slips very 
close to 0.5 and 0 this toruqe is close to a TSIM pull-out torque.
This is reflected by the fact that one TSIM eigenvalue approaches the 
R.H.P. on the real axis at these slips, and Fig.(3.4.1) shows either 
014 or a.2 approaching the R.H.P. at slips close to 0.5 and 0.
Figure (3.4.1) shows that for nearly all slips at zero torque 
Eigenvalue 4 dominates the response. The natural TSIM dynamic response 
is similar to that of a second order underdamped system which has its 
damping given by the curve for 014 in Fig.(3.4.1) and its frequency 
give by Fig.(3.4.2). This response becomes overdamped near the pull­
out torques but the TSIM damping is still given by 014, except at slips 
just less than 0.5 when it is given by 012.
The response at slips near 0.5 can be affected by supply voltage 
changes to maintain the flux in Machine 2, as discussed in Sec.(3.6).
3.3.3 Variation of TSIM Natural Response with Load
Except for slips just less than 0.5, which are considered later, 
there is no significant variation with load of Eigenvalues I, 2 and 3, 
and the change in response with load can therefore be discussed in 
terms of the change in Eigenvalue 4. In particular, the range of torques 
between the rated operation lines of Fig.(3.3) are of interest. The 
maximum torques within this torque range are indicated by the circles 
on the curves considered in this section.
The changes in 014 and 2 tt f 4 are plotted for varying torque at 
several slips on Figs.(3.5) and (3.6). When the torque equals a pull­
out torque, Eigenvalue 4 branches along the real axis to indicate 
non-osciIlatory instability (Sec.(3.2.I)), as shown by the arrows on 
the curves for 04 in Figs.(3.5.1) and (3.6.1).
TORQUE [p.u]
3 .5.1 Da m p i n g, oQ  4.
T O R Q U E  [pu.]
3 .5.2 Fr e q u e n c y, 2 TT
FIGURE 3 . 5 Variat io n of na tur al response with 
TORQUE FOR SLIPS >  0 . 5
Circles show maximum rated torque. Values of slip are
shown by numbers adjacent to each curve.
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TORQUE [p.u.] 
5.6.1 Damping o o ^
TORQUE [p.u.]
3.6.2 Frequency, 217^
FIGURE 3 .6  Variation of natural response w i t h  
TORQUE FOR SLIPS < 0 . 5
Circles show maximum rated torque. Values of slip are
shown by numbers adjacent to each curve.
Fig.(3.5) shows that for slips greater than 0.5 there is very 
little variation in frequency or damping of the response as the torque 
of the TSIM is varied within its rated capability; unless the pull­
out torques lie within its current rating. For slips greater than 
but close to 0.5, this is likely to be the case, particularly for the 
maximum generating torque. As this torque is approached, the TSIM 
dynamic response becomes overdamped with f4 = 0, as shown by the 
curves for the slip of 0.55, Fig.(3.5).
Response variations for slips less than 0.5 are shown on 
Fig.(3.6). The variation in 04 can be sufficient to cause a change 
from unstable to stable operation for some slips near the stability 
boundary DE (Fig.(3.3)), as shown by the curve for the slip of 0.32 
on Fig. (3.6.1). At slips less than 0.32 this variation in 014 becomes 
less for torques within the rated operating limits, as shown by the 
curves for S = 0.275 and S = 0.2. The variation in frequency is quite 
small for rated operation of the machine at these slips, as shown in 
Fig.(3.6.2), except when the pull-out torques are approached. Near 
the pull-out torques both the frequency and the damping decrease, as 
shown by the curve for the slip of 0.05 on Fig.(3.6).
In Region C (Fig.(3.3)) Eigenvalue 2 dominates the TSIM response 
near the pull-out torques. This is illustrated by Fig.(3.7) at the 
slip of 0.47. When < |ci||, *2 = 0 and +he response changes from
underdamped to overdamped near the pull-out torques in this region. 
This overdamped behaviour of the response near the pull-out torques 
is therefore characteristic of TSIM behaviour even when Eigenvalue 2 
replaces Eigenvalue 4 as the dominant eigenvalue.
-I O  I
TORQUE [p.u.]
5.7.1 Damping
TORQUE [p.u.]
5.7.2 Frequency, 2TlU
FIGURE 5.7 Variation of eigenvalues 2 and 4 
WITH TORQUE AT THE SLIP S = 0.47
Circles show maximum rated torque.
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3.3.4 Summary of TS1M Response Characteristics 
• Except for torques near the pull-out torques the natural
response of small perturbations of the TSIM can be approximated by 
that of a second order underdamped system with eigenvalues 
(CX4 ± j 2 tt f4).
Provided the pull-out torques are not approached, and the TSIM 
does not operate outside its rated current range, little variation 
in either the frequency or the damping of its response is expected 
at any slip as the torque changes. For slips greater than 0.5 the 
frequency and damping increase slightly with increasing load. For 
slips less than 0.5 the frequency decreases and the damping increases 
with load. In Region E (Fig.(3.3)) this increase in damping is 
a maximum for slips near the boundary DE.
The curves for 04 and f4 in Fig.(3.4) give an accurate indication 
of the TSIM response at zero torque over nearly the entire speed range 
because of Eigenvalue 4fs domination of the TSIM response. The 
frequency can be read from Fig.(3.4.2) and the damping from the curve 
for 014 on Fig.(3.4.1). At slips close to and less than 0.5,Eigenvalue 2 
significantly affects the response near the pull-out torques.
At slips near 0.5 and zero, and near the pull-out torques, large 
variations in the damping and frequency of the response occur for small 
speed or torque changes. Except for these regions of operation, 
substantial changes in speed and torque can occur without large 
variations in the dominant eigenvalue. Therefore, for most of the 
TSIM operating regions,the response predicted by the eigenvalue analysis 
is expected to provide information which is applicable to practical
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TSIM transients, even though the analysis applies rigorously only 
to small perturbations about an operating point.
3.4 Variation of the TSIM Dynamic Characteristics with Design
Constants
3.4.1 Introduction
Each design constant considered here is varied over a range 
large enough to include all values of it likely to be used in 
practice. Values of the design constants are expressed in per 
unit (p.u.) quantities where the power rating of Machine I (or 2) 
of the TSIM is taken as the base of the p.u. system used. When one 
constant is varied all the remaining constants are set at their 
measured values given in Sec.(4.1.3).
In Sec.(3.3) it was found that the natural response of the TSIM 
varied mainly with speed and not much with torque for torques within 
the puli-out torques. The effect of the design constant variations 
considered here on the natural response were also found to be relatively 
independent of torque. All the eigenvalue loci in Sec.(3.4) are 
calculated for zero electromagnetic torque from the TSIM,and the 
conclusions drawn about theway in which these loci vary with slip 
apply at all torques within the TSIM pull-out torques.
In general the change in an eigenvalue produced by a given 
change in design constant depends on the slip. There will therefore 
be a different eigenvalue locus at every slip showing the change in the 
eigenvalue for the given change in design constant at that slip. In 
the figures presented in this Section therefore, the eigenvalue loci 
are plotted at a sufficient number of slips to enable the trend in the 
change of a particular eigenvalue to be deduced for any particular
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slip. Then conclusions are drawn about how the natural response is 
affected in the regions of stable TSIM operation. In particular, 
variations in the TSIM damping and frequency, caused by the design 
changes, within the stability regions B, C and E of Fig.(3.3) are 
examined to find the change in the type of dynamic behaviour to be 
expected for a change in a particular design constant. This variation 
in the dynamic behaviour, and the comparision of the different 
effects that different design constant variations have on the dynamic 
behaviour, is expected to have general application as an aid to the 
design of a practical TSIM.
Particular attention is paid to the variation in damping near 
the stability boundaries AB, CD and DE (Fig.(3.3) to see how the 
areas of stable operation of the TSIM can be affected by variations 
in its design constants.
3.4.2 Variation of the TSIM Dynamic Characteristics with Stator I 
Resistance Rs|, and Stator 2 Resistance Rs2
3.4.2.I Variation of TSIM Natural Response with Stator I 
Resistance Rs |, and Stator 2 Resistance Rs2
When Rs j is varied,RS2 is held at its measured value, and vice 
versa. Each stator resistance is varied from zero to .083 p.u. The 
values for the actual wound rotor machines used are .026 p.u. for 
Rgj and .0268 p.u. for Rs2 (Sec.(4.I.3)).
Fig.(3.8) shows the variations, at several different slips, 
of Eigenvalues I, 2 and 3 caused by changing the stator resistance. 
Each curve is produced by the variation in either Rs | or Rs2> as 
indicated on the figure. The arrow on each curve indicates the
2TT
200
300
1 0 0
0
o G
. .. Eigenvalue No.l for variations of Rsj, Rs2 constant
........... Eigenvalue No.2 for variations of Rs2* Rsi constant
—  Eigenvalue No. 3 for variations of Rgj, Rs2
The number adjacent to a locus indicates the value of the
slip for which that locus is plotted.
FIGURE 3 .8  Variation of eigenvalues 1, 2 ,  3 with
STATOR RESISTANCES R$p R52
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direction for increasing resistance. Each curve starts at zero 
stator resistance and finishes at the resistance of .083 p.u.
The circles on the curves for Eigenvalues I and 2 indicate their 
positions when the associated stator resistance has its measured 
value. The curves of Eigenvalue 3 for RS | and RS2 cross when these 
resistances have their measured values.
From this figure it can be seen that Eigenvalue 3 remains 
well into the L.H.P. for all variations in either Rs | or RS2, and 
so it does not affect the TSIM response. However, all the loci for
Eigenvalue I start on the vertical axis, i.e., at Rs | =0, oi| =0.
Also, when RS2 =0, a2 f 0. Eigenvalue 2 is not significantly affected 
by variations in Rs |, and Eigenvalue I is not significantly affected
by variations in RS2, and so no loci for these variations are shown on
this figure. Thus, of the Eigenvalues I, 2 and 3, only Eigenvalue I, 
for small Rs |, and Eigenvalue 2, for small Rs2, would be expected to 
influence the TSIM response as the resistance in either of its stators 
is varied.
When the variation in Eigenvalue 4 is examined, it is found that 
at slips just greater than 0.5 and those just greater than 0, Eigenvalue 
I or 2 lies closer to the R.H.P. than Eigenvalue 4 when Rs | or Rs2 
respectively is less than .005 p.u. Because of the rapid movement of 
Eigenvalues I and 2 into the L.H.P. as their associated stator 
resistance is increased above this very small value, the TSIM dynamic 
response variation with varying stator resistance is determined by 
Eigenvalue 4 under conditions likely to be experienced in practice.
The variation in Eigenvalue 4 caused by changing Rs |, and 
also those variations caused by changing Rs2, are shown for several
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slips on Figs.(3.9) and (3.10). The arrows indicate the direction 
for increasing resistance and the curves at a particular slip for 
Rs | cross those for RS2 when these resistances have their measured 
values. At some slips only one curve is drawn because at those slips 
variations in either Rs | or RS2 cause similar changes in Eigenvalue 4. 
The numbers adjacent to the circles on the curves indicate the per 
unit values of resistance. All curves begin at zero resistance and 
finish for the maximum resistance of .083 p.u.
It can be seen from Figs.(3.9) and (3.10) that large variations 
in Eigenvalue 4 are caused at slips in the vicinity of 0.5, but 
there is relatively little variation at other slips. For slips 
between 0.8 and 0.2 much greater variation in damping and frequency 
is caused by a change in RS2 than for the same change in RS |, 
particularly at.slips near 0.5.
For slips close to 0.5 the variation in damping caused by 
Rs2 can depend on the magnitude of the change in RS2, as illustrated 
by the turning points on the curves for R ^  in Figs.(3.9.2) and 
(3.10.1).
No single change ineither stator resistance will increase 
the damping at every slip in the regions of stable TSIM operation. It 
was found that for alI slips in regions B and C the response frequency 
is reduced by an increase in either stator resistance, but in region E 
the effect on the response frequency of a change in stator resistance 
depends on the slip.
3.4.2.2 Variation of TSIM Stability Regions with Stator Resistance
An analysis of the TSIM eigenvalues indicates that there is no 
single rule concerning the magnitude of the stator resistances in the
30
----------1--------- -— ------------ L J  o
— 5 O  -5
if
S = 1, ,8 ,  .6
- 6
30
2 T r f
-  20
-  10
O
-2 O
l & l  S = .53
FIGURE 3 .9  Variation of eigenvalue 4 with R̂ .  
R$2 for slips S > 0 .5
Values of resistance (p.u.) are indicated by numbers 
adjacent to circles.
30
"7
R
R
S 2
SI
o*•
•021
•014 ----- 20
0
-2 0  2 4
O O ^
L.1Q ,1 s = A 7
DCs
3 .1 0 ,2  S = ,375, .2 ,  .05
FIGURE 5.10 Variation of eigenvalue 4 with 
R$p R5 2  for slips S <0.5
Values of resistance (p.u.) are indicated by numbers 
adjacent to circles.
73
TSIM which will enable the machine designer to enlarge all the TSIM 
stability areas. If the effects of a resistance change on the pull­
out torques are ignored,the stable operating region B can be enlarged 
by increasing either Rs | or RS2 . Region C can be enlarged by 
increasing Rs2 or decreasing Rs |,whereas an increase in the size of 
region E requires a decrease in Rs2 and an increase in Rs |. The 
same change in stator resistances which enlarges region E therefore 
decreases region C.
All of these regions are affected more by a change in rs2 
than by the same change in Rs j.
The variation in these areas has so far been examined for a 
variation in either Rs j or RS2 . If both Rs | and Rs2 are at the same 
time varied in the appropriate directions it is found that the 
effect on the TSIM stability regions is greater than if only one 
stator resistance is varied.
The effect on the TSIM stability regions of varying both 
Rsl and Rs2 is shown on Fig.(3.II). Curve I on this figure defines 
the maximum increase in stability regions Xg and Xe which is achievable 
by changing both the TSIM stator resistances Rs j and Rs2 by an amount
of ±20$ of their measured values. For slips greater than 0.5, this
requires that both Rs j and Rs2 be increased 20$, and for slips less 
than 0.5 Rs | is increased and RS2 decreased by 20$. Curve 2 defines 
the decrease in stability regions Xb and Xe which is achievable by 
a 20$ variation. On Curve 2 therefore, Rs j and Rs2 are changed in 
the opposite direction to the changes which produce Curve I. Curve 3
is drawn for the measured values of Rs j and RS2 (as shown also in
Fig.(3.3)).
SLIP, S
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The increase in the areas of stable operation, which is obtained 
by changing from a TSIM with the stator resistances of Curve 2 to a 
TSIM with the stator resistances of Curve I, is distinguished from the 
decrease in stability area caused by the same change by the different 
cross-hatching on Fig.(3.11).
The areas !Y t on Fig.(3.11) arise because of the changes in the 
pull-out torques caused by the different stator resistances. These 
areas lie well outside the normal operating range of the TSIM for 
most siips.
For operation of the TSIM within its pull-out torques the 
areas Xg, Xq and Xg give the maximum possible change in the stability 
regions of the TSIM achievable by a designer changing both Rs | and 
Rs 2 by an amount of ±20? of their measured values.
Fig.(3.11) shows that the gain in stability region E, given by 
Xg, is accompanied by a loss in stability region C, given by Xq . In 
addition, the stator resistances which maximise the areas Xg and Xg 
cause a decrease in the TSIM pull-out torques, as indicated by the 
differences in the maximum torque limits for Curves I and 2.
To increase the area of Region Brboth stator resistances are 
increased, and so the TSIM efficiency is reduced. The loss of 
efficiency caused by increasing the operating area in region E can 
be minimised if the increase in Rs | is compensated for by a 
sufficiently large decrease in RS2 »
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3.4.3 Variation of the TSIM Dynamic Characteristics with Rotor 
Resistance •
3.4.3.I Variation of TSIM Natural Response with Total Rotor
Resistance
It was found that only the sum of the rotor resistances for the 
two machines making up the TSIM affects its eigenvalues, and 
consequently the distribution of the total TSIM resistance between 
its constituent machines has no effect on its dynamic performance. If
Rr = Rr| + Rr2
then only the variations of the dynamic response with varying Rr need 
be exami ned.
Rr was varied from zero to an amount corresponding to 0.14 p.u. 
resistance for each machine making up the TSIM. That is, when Rr is 
at its maximum value,
Rrl = Rr2 = 0.14 p.u.
The measured value for Rr| is .0590 p.u., and for Rr 2 is 
.0586 p.u. (Sec.(4.1.3)).
Fig.(3.12) shows the loci of Eigenvalues I, 2 and 3 for 
varying Rr at various slips. The arrows indicate the direction of 
increasing Rr , and a I I curves begin for Rr = 0 and end for Rr at its 
max i mum vaIue.
Only one locus of Eigenvalue I, plotted at a sIip of 0.6, is 
shown on Fig.(3.12.1) because the loci for other slips lie on nearly 
the same line, but with different initial and final points. The 
movement in ci| and <*2 towards the R.H.P. as Rr increases is not 
sufficient at any slip to enable Eigenvalues I and 2 to affect the
FIGURE 3 .12  Va r i a t i o n of e i g e n v a l u e s 1 ,  1, 3
WITH ROTOR RESISTANCE Rp
Values of slip are shown by the numbers adjacent to each curve
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response significantly for the range of Rr considered here.
Fig.(3.12.2) shows that 013 = 0 when Rr = 0,except at very small 
slips (e.g. S = .05), when 013 is very small and positive. It is found 
that at slips near 0.5 and zero,ci3 is closer to the R.H.P. than 014 
only when Rr is very small, because the movement of into the L.H.P. 
is very rapid for increasing Rr . For all slips is closer to the 
R.H.P. than 013 provided Rr is larger than an amount corresponding to 
.0038 p.u. resistance in each of the rotor circuits making up the 
TSIM. Thus for most practical rotor resistances Eigenvalue 4 wiI I 
dominate the TSIM response.
Fig.(3.13) shows the loci of Eigenvalue 4 at several slips. The 
direction of increasing rotor resistance is indicated by the arrow 
on each curve. All curves begin when Rr| = Rr 2 = 0, and end when 
Rr|' = Rr2 = .14 p.u.
At slips greater than 0.5,increasing Rr decreases the response 
frequency (Fig.(3.13.2)). The variations in damping however, show 
changing trends. For large rotor resistances at a slip of 0.6 the 
locus of Eigenvalue 4 curves towards the R.H.P. This turning point 
occurs for smaller rotor resistances at smaller slips and, at slips 
between 0.53 and 0.5,increasing the rotor resistance decreases the 
damping, and vice versa, for any change in Rr within the range considered.
At slips in region C a large decrease in damping but very little 
change in frequency occurs for an increase in Rr . The curve for the 
slip of 0.47 in Fig.(3.13.1) iI lustrates this.
The effect on the TSIM dynamic response of changing Rr shows 
varying trends in region E,depending on the slip and the magnitude of 
the change, as shown in Fig.(3.13.I). For all slips in region E,
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increasing Rp decreases the response frequency, and vice versa.
The maximum effect on the damping of the TSIM response for 
a given change in total rotor resistance occurs at slips near 0.5 
where an increase in Rr decreases the machine's damping. The effect 
of changing the rotor resistance on the response damping shows 
considerable variation in the stab Ie operating regions B and E, but 
an increase in Rp always reduces the frequency, and vice versa.
3.4.3.2 Variation of TSIM Stability Regions with Rotor Resistance
An increase in total TSIM rotor resistance can increase the 
stability regions B and E, but will reduce the area C, and vice versa.
The amount by which the areas of the TSIM stability regions
can be changed by a variation of the total TSIM rotor resistance of
±20/5 is iI Iustrated on Fig.(3.14). Curve I is drawn for an increase 
in Rr of 20/5 of its measured value, and Curve 2 is shown for a decrease
in Rr of 20/5 of its measured value. Curve 3 is drawn for the measured
value of Rr (also shown on Fig.(3.3)).
A gain in areas of stable operation of the TSIM in changing 
from a TSIM with rotor resistance for Curve 2, to one with rotor 
resistance for Curve I, is shown by the areas Xb and Xe on Fig.(3.16). 
This is accompanied by a loss in areas of operation,given by Yb and 
Ye,because of the reduction in pull-out torque caused by this rotor 
resistance change. The reduction in region C caused by the same 
resistance change is given by Xq . Only a very slight change in pull­
out torques occurs for region C, as indicated by the areas Yq . The 
total gain in stability areas in changing from Curve 2 rotor resistances 
to Curve I rotor resistances is distinguished from the total loss by 
the different cross-hatching on this figure.
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No Chinn go in rotor' rosl stance simultaneously increuses all the 
stability regions of the TSIM, although the larger regions B and t 
are both similarly affected by a change in rotor resistance. An 
increase in regions B and E requires an increase in rotor resistance, 
and this decreases the TSIM pull-out torques, particularly in region E, 
as well as making the machine less efficient.
3.4.4 Variation of the TSIM Dynamic Characteristics with Leakage 
Inductances
3.4.4.I Variation of TSIM Natural Response with Leakage Inductances
In this section the leakage inductance in each machine making 
up the TSIM is assumed to be equally distributed between its stator 
and rotor.
The total leakage inductance in each machine was varied from 
zero to .472 p.u., and the total measured value for each machine was 
(2 x .0787) = .157 p.u. (Sec.(4.I.3)).
The effect on the TSIM eigenvalues of varying the leakage of 
Machine I whilst keeping that in Machine 2 constant was found to be 
very simi lar to the effect of varying the leakage in Machine 2 whilst 
keeping that in Machine I constant. Very slight differences in the 
two effects were observed for slips close to 0.5, but there were no 
differences in trends and so only leakage variation in Machine I, with 
Machine 2fs leakage maintained constant, is considered here.
The variation in leakage inductance can be obtained either by 
varying the stator-rotor mutual inductance and keeping the total self­
inductance of both stator and rotor circuits a constant, or by keeping 
the mutual inductance constant and varying the rotor and stator self­
inductances an equal amount (to maintain equal leakage inductance
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distribution between stator and rotor). The eigenvalue loci were 
affected similarly whichever method was used, and there wero no 
significant differences in loci observed at any slip for the range 
of leakage inductance variation considered here.
The curves in Figs.(3.15) and (3.16) show the effect of a 
leakage inductance change in Machine I on the TSIM eigenvalues.
Each curve begins when the leakage inductance is zero and ends when 
it is .472 p.u. The arrows on the curves indicate the direction for 
increasing leakage.
It can be seen from these figures that Eigenvalues I, 2 and 
3 do not lie to the right of Eigenvalue 4 on the complex plane for 
any value of leakage, and that for most practical purposes the 
variation of the TSIM natural response with leakage inductance can 
be investigated by examining its effect on Eigenvalue 4.
For slips greater than 0.53,reducing the leakage inductance 
moves Eigenvalue 4 to the L.H.P., and this increase is sufficient 
to e11minate the unstable operating region A if the leakage is reduced 
sufficiently. This is indicated by the fact that the curve for S = I 
begins in the L.H.P. in Fig.(3.16). This curve crosses into the R.H.P. 
when the leakage in Machine I is .15 times its measured value. This 
is discussed further in Sec.(3.4.4.2).
For all slips greater than 0.53 in the stable TSIM operating 
areas,a decrease in leakage increases the damping, and vice versa.
For slips near 0.5 and 0 a decrease in leakage inductance can 
reduce the pull-out torques to a sufficiently great extent that the 
response can become overdamped,and further reduction decreases the 
damping because of the approach of non-osciIlatory instabiIity
3 0 0
2TTT
200
-------K E Y -------
•Q7B -29
Value of leakage 
inductance (p.u.)
X indicates measured 
value.
IOO
o
05
- 4 0 -20 O - 4 0 0  -200
o C
5.15.1 Eigenvalue 1 (dotted curve)
Eigenvalue 2 (solid curve)
EJLGURE 5.15 Variation of eigenvalues 1/ 2, 3 with
0 C 3
3.15.2 E igenvalue 3
—  3 0 0  
2TT
—  200
—  I O O
J  o  
o
LEAKAGE INDUCTANCE
Values of slip are shown by the numbers adjacent to each curve
30
o C < t
FIGURE 3,16 Variation of eigenvalue 4 with leakage
INDUCTANCE
2TT
20
IO
O
Values of slip are shown by the numbers adjacent to each curve
86
(Sec.(3.2.I)). This is illustrated for the case of S = .03 in 
Fig.(3.16).
The loci of Eigenvalue 4 undergo marked changes in trend for 
slips between regions C and E, as can be seen by comparing the curves 
for S = .47, .375, .36 and .2 in Fig.(3.16). In region E an increase 
in leakage inductance decreases the damping and vice versa, whereas 
in region C the effect on the damping of a change in leakage can 
depend on the magnitude of the change.
For most slips in regions B and E the frequency is increased by 
an increase in leakage, and vice versa; whereas in region C an 
increase in leakage decreases the frequency, and vice versa.
3.4.4.2 Variation of TSIM Stability Regions with Leakage Inductances
The areas of stable operation B and E can be enlarged by decreasing 
the leakage inductance of either of Machines I and 2, and decreased by 
increasing the leakage. The effect on region C is less certain, 
because it depends on the amount by which the leakage is changed.
This is because the loci of Eigenvalue 4 exhibit turning points in 
region C,as illustrated by the curve for S = 0.47 in Fig.(3.16).
The loci for Eigenvalue 4 undergo a reversal in trend for 
changing leakage in the range of slips in region D, as discussed in 
the previous section, and so the complete elimination of this unstable 
operating region by a leakage variation in Machine I or 2 is not 
possible.
However,the whole of the unstable area of operation in region A 
could be eliminated if either of Machines I or 2 has very little 
leakage (Sec.(3.4.4.I)). If the leakage in both Machines I and 2
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is reduced at the same time it is found that this unstable region is 
eIiminated when the leakage in both is one half the measured value 
for the wound rotor induction machines considered here.
Fig.(3.17) illustrates the effect of changing the leakages in 
both Machines I and 2 by 20$ of their measured values. For this 
range of leakage variation,varying the leakage in both Machines I and 
2 was found to have proportionately more effect on Eigenvalue 4 than 
varying the leakage in only one machine.
Curve I is drawn for a reduction in the leakage in both 
Machines I and 2 of 20$ of the measured values, and Curve 2 is drawn 
for a 20$ increase in the measured values of leakage in both machines. 
Curve 3 is drawn for when the leakages in both machines are at their 
measured value (as also shown on Fig.(3.3)). Xg and Xg show the extra 
areas of stable operation gained by changing from a TSIM with leakage 
inductance for Curve 2 to one with leakage inductance for Curve I, and 
Xc shows the loss in stable operating area for the same change. Yg,
Yq and Yg show the loss in areas of stable operation produced by the 
different pull-out torques.
Fig.(3.17) therefore shows that the stable regions B and E of 
TSIM operation can both be enlarged by a reduction of the TSIM 
leakage inductances, with the effect on region E being much less than 
that for region B, for the same leakage change. However,region C is 
reduced by this leakage inductance reduction, although this decrease in 
area is very sIight.
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3.4.5 Variation of the fSIM Natural Response and Stability Regions 
with Leakage Inductance Distribution
in this section the total amount of leakage inductance in both 
Machines I and 2 of the TSIM was maintained constant at its measured 
value.
It was found that no eigenvalue was significantly affected by the 
distribution of the leakage inductance between the stator and rotor 
of either machine. The positions of the eigenvalues on the complex 
plane were also independent of whether the change in distribution was 
carried out in either machine separately or in both machines at the 
same time.
Therefore the eigenvalue analysis indicates that the dynamic 
response and regions of stable operation of the TSIM are not affected 
by the distribution of leakage inductance between the stator and rotor 
of either of its component machines.
3.4.6 Variation of the TSIM Natural Response and Stability Regions 
with Rotational Inertia
If the rotational moment of inertia of the TSIM is compared 
with a machine of the same KVA rating which has a pole number equal to 
the sum of the pole numbers of Machines I and 2, then the measured 
inertia constant, H, for the TSIM considered here, is .298 secs.
(see Sec.(4.I.3)). In this section H is varied from .02 secs, to 
2 secs. On the curves for the eigenvalue loci considered in this 
section (Figs.(3.18) to (3.20)) the arrow represents the direction of 
increasing H. Each locus starts at H = .02 secs, (except where 
indicated by the dotted lines on Fig.(3.19)) and ends at H = 2 secs.
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Eigenvalue I is not significantly affected by the changes in 
H considered here, and so no loci are plotted for it. However, this 
eigenvalue does affect the TSIM response for small H at some slips, 
as shown later.
Loci for Eigenvalues 2 and 3 are shown on Fig.(3.18). For 
slips greater than 0.5, decreasing H moves Eigenvalue 2 towards the 
R.H.P., with this movement becoming substantial at slips near 0.5 
(Fig.(3.1 8.I)). This causes it to affect the TSIM response at these 
slips when H is small, as shown later. From Fig.(3.18.2) it can be 
seen that Eigenvalue 3 is never close enough to the R.H.P. for it to 
affect significantly the response, for the range of H considered here.
When Eigenvalue 4 is examined for varying H (Figs.(3.19) and 
(3.20)), it is found that for small H it is moved into the L.H.P. for 
slips near zero and for slips just greater than 0.5. This movement is 
sufficient to allow both Eigenvalue I and 2 to affect the response at 
these slips, if H is small enough. These effects are illustrated on 
Fig.(3.21), where a|, 012 and 014 are plotted for varying H at slips of
0.53 and 0.15. To find the values of H for which Eigenvalue 4 dominates 
the response, it is necessary to investigate the behaviour of this 
eigenvalue for slips near 0.5 and 0.
This is shown for slips near 0 on Fig.(3.19.2). The movement of 
Eigenvalue 4 into the L.H.P. reaches a maximum for slips near 0.15.
At slips less than this Eigenvalue 4 branches along the real axis before 
extending as far into the L.H.P. At slips greater than 0.15, as 
shown in Fig.(3.19.I), Eigenvalue 4 does not extend as far into the 
L.H.P. It was found that for all slips near zero,EigenvaIue 4 is 
closer to the R.H.P. than any other eigenvalue when H is greater than
.05 secs.
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The behaviour of Eigenvalue 4 for slips just greater than 0.5 
is very similar to its behaviour for slips near zero, as shown in 
Fig.(3.20). The movement of Eigenvalue 4 to the L.H.P. is a 
maximum at slips near 0.53. For H less than .07 secs, at this slip, 
Eigenvalues I, 2 and 4 all affect the response signficantly. It was 
found that for all slips greater than 0.5 Eigenvalue 4 is closer to 
the R.H.P. than either of Eigenvalues I or 2 if H is greater than 
.08 secs.
Therefore, except when H is in the vicinity of .08 secs, or less, 
the variation in the TSIM dynamic response with H can be found by 
considering the effect of H on Eigenvalue 4. Since in many practical 
induction machines H is about 0.5 secs.1,0, the loci of Eigenvalue 4 for 
the range of H from .09 secs, to 2 secs, should give an accurate 
indication of the response for most practical TSIM!s.
An examination of Eigenvalue 4 in Figs.(3.19) and (3.20) shows 
that at slips in region B greater than 0.53, and at slips in region E 
greater than 0.15, and at all slips in region C, an increase in the 
value of H wi I I decrease the response frequency and damping, and vice 
versa, provided H is in the range from .09 secs, to 2 secs. For slips 
between 0.5 and 0.55, and for slips less than 0.15, the effect of a 
change in H becomes dependent on the magnitude of the change, as 
shown on Figs.(3.19.2) and (3.20).
The variation of response damping and frequency for slips in 
region B is very similar to the variation of the response in region E, 
as can be seen by comparing the curves in the L.H.P. on Figs.(3.19.1)
and (3.20).
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' The change in at all the stability boundaries is very slight, 
and it was found that no change of H within the range from .09 secs, 
to 2 secs, caused a significant change in the regions of stable TSIM 
operation.
3.4.7 Summary and Comparison of the Effects of Design Constant 
Variations on the TSIM Natural Responses
The effects of design constant changes on Eigenvalue 4 are 
similar at all torques within the pull-out torques, and so only the 
variations of the eigenvalues at zero torque need to be examined 
in order to find the effect of a design constant change on the TSIM 
natural response.
It was found that for the variations in design constants considered 
above, Eigenvalue 4 is the eigenvalue closest to the R.H.P. for values 
of the design constants greater than:
(1) .005 p.u. resistance for Stator I or Stator 2 
resistance (Sec.(3.4.2.I)).
(2) .008 p.u. resistance for the sum of rotor 
resistances of Machines I and 2 (Sec.(3.4.3.I)).
(3) Zero for the leakage inductance in either of 
Machines I or 2 (Sec.(3.4.4.I)).
(4) .08 secs, for the inertia constant H 
(Sec.(3.4.6)).
For all values of the design constants much greater than these 
threshholds, and not greater than the maximum values considered in 
Sec.(3.4), the variations in the TSIM dynamic response can be examined 
by considering the variations of Eigenvalue 4. This applies at all 
slips except those just less than 0.5 when the TSIM is near its pull-out
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torques (Sec.(3.2.2)).
Therefore for most practical values of the TSIM design constants, 
the natural response of small perturbations of the TSIM can be 
approximated by that of a second order underdamped system with 
eigenvalues 014 ± j 2 iTf4. The TSIM can become overdamped through a 
design constant change If the change reduces the pull-out torques 
sufficiently, although this Is not likely to be observed in practice 
because of instability near these torques (Sec.(3.2.I)). Small inertia 
constants can also result in an overdamped response at slips near 0.5 
and 0 .
The eigenvalue analysis indicates that the TSIM dynamic 
characteristics are not affected significantly by a change in the 
leakage inductance distribution between the stator and rotor of either 
of its component machines (Sec.(3.4.5)).
A comparison of the loci of Eigenvalue 4 in Figs.(3.9), (3.10), 
(3.13), (3.16) and (3.18) to (3.20) indicates that:
(I) No single change in any design constant can cause similar 
changes in the frequency and damping of the response at 
all slips. In addition, for all design constant variations 
it was found that at some slips the loci for Eigenvalue 4 
exhibited turning points in the complex plane, and so the 
effect on the response of a design constant change can 
depend on the magnitude of the change as well as on the 
slip. However, some generalisations about how the response 
damping and frequency can be affected over a range of slips
are as follows:
(a) Except at slips near 0.5 in region B, and
at slips near zero in region E, a decrease in 
leakage inductance or inertia constant causes 
an increase in the damping in regions B and E.
(b) The response frequency is reduced by a large 
amount at most slips by an increase in rotor 
resistance, whereas a change in leakage 
inductance causes little frequency variation.
Inertia constant changes can have considerable 
effects on the frequency at most slips.
(2) Except at slips which are close to 0.5, changes in the stator 
resistances from their measured values have relatively little 
effect on the response compared with the same percentage 
changes in the measured values of the other design constants.
(3) Over much of the TSIM speed range (i.e ., for slips 
between 0.8 and 0 .2), a change in the stator resistance of 
Machine 2 affects the frequency and damping of the 
response to a greater extent than does the same change in 
the stator resistance of Machine I. This is not caused by 
flux weakening in Machine 2 at these slips,as discussed
Iater i n Sec.(3.6).
(4) For every design constant except for the inertia constant 
the maximum change in damping for a given change in design 
constant is caused at slips in the vicinity of 0.5. As 
discussed later in Sec.(3.6), this is not caused by flux 
weakening in Machine 2 at these slips.
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(5) Changes in any design constant, except the inertia constant, 
affect the damping trends in region C quite differently from 
those in region E,because the loci of Eigenvalue 4 undergo 
considerable changes in trend as the slip decreases through 
the region D of unstable TSIM operation.
3.4.8 Summary and Comparison of the Effects of Design Constant 
Variations on the TSIM Stability Regions 
In Secs.(3.4.2.2), (3.4.3.2) and (3.4.4.2) it was found that:
(1) The range of stable operating slips at zero torque in region B 
can be increased by:
(a) An increase in Stator I resistance.
(b) An increase in Stator 2 resistance.
(c) A decrease in the leakage inductance of either
Machine I or Machine 2.
(d) An increase in total TSIM rotor resistance.
(2) The range of stable slips at zero torque in region C can 
be increased by:
(a) A decrease in Stator I resistance.
(b) An increase in Stator 2 resistance.
(c) An increase in the leakage inductance of either
Machine I or Machine 2.
(d) A decrease in total TSIM rotor resistance.
(3) The range of stable slips at zero torque in region E can 
be increased by:
(a) An increase in Stator I resistance.
(b) A decrease in Stator 2 resistance.
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(c) A decrease in the leakage inductance of either
Machine I or Machine 2.
(d) An increase in total TSIM rotor resistance.
(4) A decrease in the range of stable slips at zero torque 
in the stable TSIM operating areas is caused by changes 
in the design constants opposite to those listed in
(I) to (3) above.
It can be seen from the above summary that no change in any 
design constant from its measured value over the range considered here 
will simultaneously increase all the areas of stable TSIM operation. 
However, an increase in rotor resistance and a decrease in leakage 
inductance both increase the range of slips at zero torque in regions 
B and E.
A larger change in the stable slip range is caused by a Stator 
2 resistance variation than the same variation in Stator I (Sec.(3.4.2.2)).
An increase in the areas of the stability regions can be 
accompanied by a reduction in the steady state efficiency of the TSIM 
if a resistance is increased.
No change in any design constant, over the ranges considered, 
can eliminate the unstable operating region D. However, if the total 
leakage inductances in both Machines I and 2 are reduced to one half 
of their measured values, the unstable operating region A is eliminated 
(Sec.(3.4.4.2)).
The relative effect, for the same percentage variation about the 
measured value, of different design constants on the stability regions 
is shown by comparing the cross-hatched areas on Figs.(3.II), (3.14) 
and (3.17). From this comparison it can be seen that:
(1) Region B is affected most by a leakage inductance variation, 
with stator resistance variation affecting it least.
(2) Both leakage inductance and rotor resistance have large 
effects on region E, with variations in stator resistance 
again having the least effect.
(3) Region C is affected most by the stator resistance changes.
(4) An increase in the operating areas B and E caused by varying 
the stator and rotor resistances causes a reduction in the 
TSIM pull-out torques. In particular, an increase in rotor 
resistance causes a considerable reduction of pull-out torques 
in region E.
(5) Of all the design constant variations considered here, 
reducing the TSIM leakage inductance is the most effective 
way of obtaining a significant increase in the stability 
regions B and E without causing a decrease in TSIM 
efficiency or a substantial loss in the pull-out torques.
3.4.9 Conclusion
The effect that design constant variations have on the TSIM 
natural response typicaIly shows considerable dependence on the speed 
and on the magnitude of the variations (Sec.(3.4.7)). In addition, 
the regions of inherently unstable operation cannot all be increased 
by a given design constant change (Sec.(3.4.8)).
There are therefore few general rules which can be used by a 
machine designer in designing a TSIM to optimise its dynamic behaviou 
over a large speed range. The TSIM response can be influenced to a 
considerable extent in some regions by its design constants however,
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as discussed in Sec.(3.4.7). Its response in particular regions can 
be controlled and particular stability regions increased by its 
design as discussed in Secs.(3.4.7) and (3.4.8).
As also discussed in Secs.(3.4.7) and (3.4.8), the unstable 
operating area at large slips can be greatly reduced if the TSIM 
leakage inductance is reduced sufficiently, and the distribution of 
this inductance between the component machines of the TSIM does not 
affect its response. A leakage inductance reduction also increases 
the damping at most slips. It is therefore of considerable advantage 
to reduce the TSIM leakage inductance as much as possible, 
particularly as this reduction does not detract from the steady state 
performance (i.e ., decrease the eff i ciency and pull-out torques) at 
most slips.
3.5 The Relationship of the TSIM Eigenvalues to its Physical
Operation
The electrical transients of polyphase machines characteristicaI Iy 
have two frequencies associated with them. One frequency corresponds 
to a transient flux system approximately adhering to the stator, and 
the other corresponds to a transient flux approximately adhering to 
the rotor41*.
Referred to synchronously rotating axes such as those used in 
the analysis of the TSIM, a transient flux system adhering to the 
stator appears at the supply frequencies (co| in Machine I, and u)2 in 
Machine 2) and a transient flux adhering to the rotor appears at a 
frequency of Su)| in both machines.
When the imaginary parts of the TSIM Eigenvalues I, 2 and 3 are
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plotted over the slip range of the TSIM, as shown on Fig.(3.22.I), 
it is found that:
(1) The imaginary part of Eigenvalue I, 2 tt f |, is close to the supply 
frequency of Machine I, o)| .
(2) The imaginary part of Eigenvalue 2, 2 it f 2, varies closely with u^.
(3) The imaginary part of Eigenvalue 3, 2 ^ 3, varies closely with
the TSIM rotor frequency, So)|.
When the resistance of a stator or rotor winding is zero no
energy can be lost in it and the damping of the winding, given by the
real part of any eigenvalue associated with it, would be expected to
be zero. It is found at near 1 y a 1 1 slips that:
(a) when Rs 1 = 0, 0), = 0 and 2 TT f | = 0)| (Fig.(3.8)).
(b) when ^s2 = 0, 0)2 = 0 and 2 7T f 2 - 0)2 (Fig.(3.8)).
(c) when Rr = 0, 0)3 = 0 and 2 TT f 3 = So) I (Fig.(3.12.2)).
A consideration of the variation of the imaginary parts of 
Eigenvalues I, 2 and 3 with slip, and of the variations of their real 
and imaginary parts with resistance, therefore suggests their 
association with the electrical transients in the windings of Stators I, 
2 and the TSIM rotor respectively. These associations provide some 
understanding of the effect that the design constant variations have on 
the eigenvalues.
For example, because of the mutual inductance between the stator 
and rotor windings in Machines I and 2, the coupling between the 
windings of the stator and rotor of each machine would be expected to 
be much greater than the coupling between the windings of the stators 
of Machines I and 2. When the association of the eigenvalues with
3.22.1 Frequencies of e i gen va lue s 1, 2, 3
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transients in particular parts of the machine is considered therefore, 
it is not surprising that variations in Stator I resistance scarcely 
affect Eigenvalue 2, and vice versa; whereas variations of resistance 
in either stator affect Eigenvalue 3 (Fig.(3.8)), and variations in 
rotor resistance affect both Eigenvalues I and 2 (Fig.(3 .12)).
It is possible to deduce a physical interpretation for Eigenvalue 4 
by considering a simple second order description of small perturbations 
of the TSIM rotor about its steady state. If small perturbations of 
speed are written Ap0r, and of position A0r, then the perturbations in 
the electromagnetic torques acting on the TSIM rotor can be considered 
to consist of (in the absence of perturbations in the supply 
frequencies):
(1) A perturbation in the position dependent torque (because 
the TSIM torque depends on the ’’load angle” of the 
machine), written here as KA0r.
(2) A perturbation in the velocity dependent or ’’damping torque” 
which is a function of the shaft speed, written as D(Ap0r).
K and D are considered to be constant for small perturbations, and 
the torque perturbations KA0r and DAp0r are defined so that for negative 
K and D they act.to reduce the small perturbations in A0r to zero.
In the absence of any externally applied torques,the equation 
of motion of small perturbations of the TSIM shaft can be written:
DAp0r + KA0r = J A p20r (3.4)
where
J is the mass moment of inertia of the shaft, 
p is the differential operation d/dt.
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Replacing Ap0r, Ap^0r by pA0r and p2A0r, the roots S| and S2 
of the characteristic equation derived from Eqn.(3.4) are:
c. _ -D + /d2 + 4KJ  ̂ -D - /D2 + 4KJ
S | -------- --------  s2 = -----I2J------  (3’5)
When K is negative and:
-4KJ > D2 (3.6)
S| and S2 become complex numbers of the form a ± ju), where:
a
0)
_D_
2J
h 24IkIj - °2
(3.7)
Loci of a + joa for varying J can be plotted for various values of K/D. 
Several of these loci are shown in Fig.(3.22.2), where the direction 
of increasing J is indicated by the arrows.
The curves on this figure show a resemblance to the curves on 
Figs.(3.19) and (3.20), which plot the variation of Eigenvalue 4 for 
increasing inertia constant H. Therefore,the association of Eigenvalue 
4 with the dynamics of the TSIM rotor is suggested, with the values 
of the damping and load angle dependent torque coefficients D and K 
being slip dependent.
When D is positive and Eqn.(3.6) applies, a is positive and the 
system represented by Eqn.(3.4) is unstable. TSIM oscillatory 
instability can therefore be associated with negative damping torques 
arising in the machine during oscillations.
When K is positive,an increase in 0r no longer gives a torque 
KA0r opposing a further increase,and the pull-out torques have been 
exceeded. S\ and S2 lie on the real axis when K is greater than zero,
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with S2 in the R.H.P. irrespective of the sign of the damping torque 
coefficient D. This provides an explanation of why Eigenvalue 4 
branches along the real axis, and non-osciIlatory instability occurs 
at the pull-out torques (Sec. (3.2. I)).
On the stability boundaries of the TSIM, 014 is by definition 
zero. From Eqn.(3.7), for a to be zero D must be zero (for 
f i ni te J ), and:
0) = /K71 (3 .8)
Variations in J cannot affect a if D is zero, and so it is not 
surprising, by analogy with the simple model Eqn.(3.4), that changing 
the inertia constant H does not alter very much the stability boundaries 
of the TSIM. Additionally, from Eqn.(3.8), a is proportional to l/̂ -j- 
on the stability boundaries, if K is constant. From the loci for 
varying H at the slips of 0.7, 0.3 and 0.47 (Figs.(3.19), (3.20)) which 
are close to the TSIM stability boundaries, it can be seen that the 
values of 2 Tif4 are approximately proportional to l/^over most of the 
range of H considered.
Over much of its speed range therefore, and for most practical 
values of H, Eigenvalue 4 behaves similarly to the roots S\ and S2 
of the second order system Eqn.(3.4),in which the values of K and D 
are speed dependent. This associates Eigenvalue 4 with the TSIM shaft 
dynamics, and provides an understanding of the effect on the TSIM 
response of changing H, and of the reason for the branching of 
Eigenvalue 4 along the real axis into the R.H.P. when the pull-out 
torques are exceeded.
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As a first approximation therefore, it has been shown in this 
section that Eigenvalues I and 2 can be associated with the electrical 
transients in the stator windings of Machines I and 2 respectively; 
Eigenvalue 3 can be associated with the electrical transients in the 
TSIM rotor windings; and Eigenvalue 4 with the mechanical transients 
of the TSIM rotor.
3.6 Effect of Stator 2 Voltage Amplitude Variations on the TSIM
Natural Response and Stability Regions
In all previous sections the amplitude of the voltage supplied 
to Stator 2, VS20> has been adjusted with the steady state speed in 
accordance with Eqn.(3.3).
At slips close to 0.5, Vs20 is small and the voltage dropped 
across the Stator 2 resistance, especially at large currents, causes 
the flux in Machine 2 to be weakened. This can be prevented by 
increasing VS2q at these slips. The effect of this increase on the 
TSIM dynamic response is examined by considering the TSIM eigenvalues 
as a function of Vs20» as explained in Sec.(2.4.2). The TSIM 
considered in this section is discussed in Sec.(3.1), and so when Vs20 
is at the value given by Eqn.(3.3) Eigenvalues I to 4 are exactly the 
same as those discussed in Secs.(3.2) and (3.3).
In this section the rated voltage is the voltage obtained from 
Eqn.(3.3), and the voltage amplitude to Stator 2 is increased from this 
value to three times the rated voltage. Fig.(3.23) shows the variation 
of 2 irf4 and 04 as the ratio of the applied to rated voltage amplitude 
is varied with the TSIM torque constant at zero. The crosses indicate 
the positions of the eigenvalues when the applied voltage is at the
0 1 - 2  3 4
V applied
V rated
L 2L 1 2TTf^ for S = ,49, ,51
Vapplied
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value which produces rated flux in Machine 2 when it draws rated 
current at a power factor of I. 1
At the slip of 0.49 Eigenvalue 4 is not the dominant eigenvalue 
for values of the voltage ratio close to I. This is because the TSIM 
is operating close to its pull-out torque at this voltage, and so 
Eigenvalue 2 is close to the R.H.P., indicating the close proximity 
of non-osciI Iatory instability under these conditions (Sec.(3.3.2)). 
However, as the voltage and flux in Machine 2 increase, the pull-out 
torque also increases, and so Eigenvalue 2 very rapidly moves well 
into the L.H.P. with increasing voltage. 014 equals 0.2 when the voltage 
ratio is 1.2, and so the TSIM response can be predicted from Eigenvalue 
4 over nearly the whole voltage range considered at this slip. Apart 
from this variation in Eigenvalue 2,only Eigenvalue 4 shows any 
significant movement as the voltage is varied at the slips of 0.51 
and 0.49.
For torques within the pull-out torquesfthe trends shown in 
Fig.(3.23) for S = 0.51 are typical for slips in the vicinity of 0.5 
and greater than 0.5, and the curves for 0.49 are typical for slips 
in region C (Fig.(3.3)).
At slips further from 0.5 the change in voltages to produce 
rated flux becomes less significant, expressed as a percentage of the 
voltage given by Eqn.(3.3). It is found that the change produced in 
Eigenvalue 4 is correspondingly less significant at these slips, and 
for slips greater than 0.55, or less than 0.45, there is little change 
in either 014 or 2 7rf4 for voltage amplitude increases which produce 
rated flux when there is rated current at a power factor of I in the
stator of Machine 2.
The effect on the TSIM response of voltage compensation to 
increase the flux in Machine 2 Is therefore significant only u1 slips 
very close to 0.5, where increasing the applied voltage to Machine 2 
produces considerably more damping for slips greater than 0.5,and 
considerably less damping for slips less than 0.5 (Fig.(3.23.2)). The 
frequency 2 itf4 increases for increasing voltage at slips either side 
of 0.5 (Fig.(3.23.I)).
Increasing the voltage to Machine 2 can decrease the range of 
slips in region C, as would be expected from the fact that the damping 
at a slip of 0.49 was reduced. This decrease is quite small however, 
and for voltage increases which produce rated flux for rated current 
at a power factor of I there is no significant effect on the area 
of region C.
Even though the voltage increases considered here have a 
considerable effect on the response at slips very close to 0.5, it 
was found that they had no significant effect on the trends caused 
by the design constant changes discussed in Sec.(3.4). That is, 
changes in a design constant were found to cause similar changes in 
frequency and damping to those discussed in Sec.(3.4), although the 
frequency and damping, before the change, is affected by an increase 
in supply voltage as discussed above. In addition, the relatively large 
effects which design constant changes have on the TSIM response for 
slips near 0. 5 are not dependent on the supply voltage magnitude,for 
the voltage increases discussed above.
Lffect of Non-ideal Supplies on the TSIM Natural Response ¿and
Stabi Iity Regions
The supply to Machine I is from the mains. Any resistive or 
inductive impedance in this supply can be added to the Stator I 
resistive or leakage impedance, and the effect that this has on the 
dynamic performance is detailed in Secs.(3.4.2) and (3.4.4.).
Similarly, impedance in the 3-phase supply to Machine 2 can be taken 
into account by adding it to the impedance of Stator 2. Resistance in 
this supply will affect the TSIM response more than the same resistance 
in Machine I’s supply for much of the TSIM operating range, as shown 
i n Sec.(3.4.2).
If Machine 2 is fed from an inverter supplied from a D.C. supply, 
then resistance in this D.C. supply, Rqq, will affect the TSIM’s 
dynamic performance by affecting the amplitude of the Machine 2 supply 
voltage during transients. The variation of this voltage can be 
included in the TSIM equations to produce a matrix EEocH, which has 
elements dependent on Rqq (Sec.(2.4.3)). When Rqq = 0 the eigenvalues 
of [Eq c] examined here are exactly the same as those for the matrix 
[E] of Secs.(3.2) and (3.3).
Values of Rqq considered here are expressed in a per unit system 
related to the power rating of the supply to Machine 2. If the TSIM 
is to operate at rated torque at all slips, the power supply to 
Machine 2 must have a power rating at least equal to that of Machine 2. 
If the maximum output voltage of this supply is Vq q m , and the current 
to produce Machi ne 2's power rating at Vqq^ is Iq q r, then I p.u.
D.C. resistance is defined so that:
I p.u. D.C. resistance VDCM
IDCR
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In this section Rqc is varied from 0 to .2 p.u. D.C. resistance.
Variations in Rqc do not affect Eigenvalues I, 2 and 5 
sufficiently for them to significantly affect the TSIM response. The 
etfect on Eigenvalue 4 of variations in Rqc is similar at all torques 
within the pull-out torques, and so the effect of Rqc on the TSIM 
dynamic response can be found by considering variations in Eigenvalue 4 
at zero torque.
Curves for Eigenvalue 4 are plotted on Fig.(3.24). All these 
curves start for Rqc = 0, and end at Rqq = 0.2 p.u., with the arrows 
indicating the direction of increasing Rq c . From these curves it can 
be seen that the effect on the TSIM response of an increase in Rqc 
depends on the slip. An increase in Rqc reduces the response 
frequency considerably for most slips in region B and for all slips 
in region C (Fig.(3.3)), as illustrated by the curves for S = . 6 and 
S = .47. For most slips in region E (Fig.(3.3)) the frequency is 
increased by an increase in Rq c , as shown by the curves for S = 0. 2 
and S = 0.15. An increase in Rqc causes a large reduction in the damping 
at slips just greater than 0.5 and at slips near the stability 
boundary DE (Fig.(3.3)), as shown by the curves for S = 0.53 and
S = 0.3.
When Rqc is increased to 0.2 p.u. the stability boundary AB is 
moved at zero torque from S = .69 to S = .65, and DE is moved at zero 
torque from S = .3 to S = .19. Region C is very little affected by an 
increase in Rq c * Therefore,the major effect of resistance in the D.C. 
supply on the TSIM stability regions is to reduce the range of stable 
slips in the stable operating regions B and E.
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3.8 Effect of Rotational Losses and Friction on the TSIM Natural
Response and Stability
The effect of rotational losses, e.g., friction, windage, eddy 
currents, hysterisis, etc., is to introduce a torque Tf, increasing 
with shaft speed, which opposes the direction of the shaft rotation, 
and therefore usually has a stabilising effect.
In general, Tf is written as a function of shaft speed, p0rm, 
as follows:
Tf - Ts + Kj pBpfp + K2(p0rm) + K3 (p0rm) + ... (5.9) 
where Ts is a constant.
Small perturbations in Tf, ATf, about a steady state shaft speed, 
p0rmO = wrmO> are therefore written:
ATf = [K| + 2K2 o>rmO + 3K3 a)rm()2 + • • •] Ap0rm (3.10)
These perturbations ATf appear in the TSIM perturbation equations as 
shown in App.6, giving a matrix CEp] whose eigenvalues describe the 
TSIM response (Eqn.(A6.3)). When the eigenvalues of CEfD are calculated 
for the values of Kj, K2 and K3 for the experimental TSIM (Sec.(4.4)), 
and compared with those for the TSIM with Tf = 0 (discussed in 
Secs.(3.2) and (3.3)), it is found that only 014 is affected by Tf. 
Eigenvalue 4 is moved towards the L.H.P. at all slips, but this 
movement is small enough to make no significant practical difference 
to the TSIM dynamic characteristics.
A major effect on the TSIM performance, however, is produced by 
the presence of the friction torque Ts (Eqn.(3.9)) when the TSIM is 
operating at speeds about u)rmQ = 0. if during a transient the velocity
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of the shaft passes through zero, the frictional torque or "stiction" 
Ts, changes sign to oppose further shaft movement. This introduces a 
change in external torque applied to the TSIM shaft which does not 
appear in Eqn.(3.IO). This effect is here approximated as shown in 
Fig.(3.25).
SPEED
FIGURE 3.25
If perturbations about a velocity of zero are considered, torque 
steps of ±TS are applied whenever the velocity changes sign, as shown 
on Fig.(3.25). These torque steps are discontinuous functions of speed, 
and the stability of the TSIM cannot therefore be found for perturbations 
about zero speed using the eigenvalue method. It is important to know 
whether the TSIM operates stably at zero speed however, if it is to be 
used as a stepping motor.
To determine the TSIM’s stability at standsti II, smaI I perturbations 
at a steady state slip of I were investigated by numerically solving 
the set of TSIM differential equations. Torque steps of T_s then 
appear as perturbations in the torque equation, as shown in App.6 .
Several TSIM transient responses to torque steps were computed using 
a modified 4th order Runge-Kutta routine52. The TSIM was defined to 
be stable if this transient decayed with time.
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It was found that the TSIM is stabilised at S = I if Ts is 
greafer than .006 p.u. torque, where I p.u. torque is defined in 
Sec.(4.1.4). The value of Ts for the experimental TSIM considered in 
Chapter 4 is .1 p.u.
The major effect of friction on the TSIM dynamic response and 
stability is therefore at a slip of I, where the presence of a small 
amount of stiction theoretically prevents the TSIM considered here 
from exhibiting oscillatory instability for operation about zero speed.
3.9 Effect of Several Forms of Feedback on the TSIM Dynamic 
Characteri st i cs
3.9.1 Phase Lag Velocity Feedback
This is of the form (Sec.(2.5.2)):
This feedback introduces an eigenvalue (Eigenvalue 5) which lies on 
the real axis at 0L5 . The eigenvalues discussed here were found for the 
TSIM described in Sec.(3.1), and when K2 = 0 Eigenvalues I to 4 are 
exactly the same as those discussed in Secs.(3.2) and (3.3). It was 
found that this feedback scheme affected only Eigenvalues 4 and 5.
¿^ 6 2 + K | A62 = K2 A0r2 (3.11)
Eigenvalue "
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Fig.(3.26) illustrates typical effects of this feedback on the 
TSIM eigenvalues. When this feedback is applied, and K2 = 0,
Eigenvalue 4 remains unchanged and 015 = -Kj. If Kj is kept constant, 
l<2 can be varied so that Eigenvalue 4 moves towards the L.H.P. with 
little change in its imaginary part, and Eigenvalue 5 moves towards the 
R.H.P. along the real axis. Eventually 0L4 = 015, and any further change 
in K2 produces no further improvement in the overall TSIM damping.
Thus, unless K[ is greater than 049 (the value of 014 without feedback), 
no improvement of the overall TSIM damping can be achieved using this 
feedback.
Fig.(3.27) shows loci of Eigenvalue 4 for varying K2 at several 
slips for two values of K| . These curves are all drawn for zero 
torque. For all curves the arrows indicate the direction of increasing 
K2, and except for the curves drawn for the slip of .05, they begin 
for K2 = 0 and end when 014 = 015, with the numbers adjacent to them 
indicating the values of K2 . At S = .05, K>? must be made negative to 
increase the damping, and so the curves at this slip begin when 014 = a.5 
and end for f<2 = 0 .
At all slips (X5 = -K| when K2 = 0. For the largest value of 
I M  given at any particular slip on Fig.(3.27), <25 - 04. If |K2 1 
were increased further, 015 would move closer to the origin, and at 
all slips 05 7 0 when |k2 | = 2K|. a5 is moved into the R.H.P. 
(indicating non-oscillatory instability) when |k2 | > 2K|.
Fig.(3.27) shows that this feedback can improve the TSIM damping 
at all slips, and that this improvement is greater with Kj = 10 than 
with K| = 5.
With K| = 10, Eigenvalue 4 can be moved far enough into the L.H.P. 
at large slips so that Eigenvalues I and 2 lie to the right of
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Eigenvalue 4. These eigenvalues can therefore have a significant 
effect on the TSIM response at these slips, although because of the 
high frequencies associated with them (Fig.(3.22.I)) the transients 
of the TSIM mechanical quantities (e.g., shaft speed) are likely to 
be always dominated by Eigenvalues 4 and 5 .
If the value of Eigenvalue 4 without any feedback is 
«40 ± j 2 TTf4Q, then for most TSIM slips 0140 is less than 2 TTf4Q 
(Sec.(3.3)). By examining the effect of several phase lag velocity 
feedback schemes on Eigenvalues 4 and 5 it was found that an increase 
in the overall TSIM damping can be achieved for positive values of f<2 
if K| is in the range:
«40 < K| < 2 tt f40
At any particular slip,the amount of damping improvement obtainable 
by varying K2 is maximised by making K| t 2 tt f4Q, (if 27Tf4o > «40 *̂ 
These eigenvalue studies indicate that phase lag velocity 
feedback can change the nature of the TSIM response by making it more 
overdamped as Eigenvalue 5 is moved closer to the R.H.P. relative to 
Eigenvalue 4. The value of 0:5 depends on both the slip and the value 
of «2 however, and so accurate positioning of Eigenvalue 3 on the real 
axis is likely to be difficult in practice.
Phase lag velocity feedback has similar effects on Eigenvalues 4 
and 5 for all torques at every slip.
Eigenvalue 4 can be moved into the L.H.P. at all slips by phase 
lag velocity feedback, indicating that a I I the regions of TSIM 
instability between the pull out torques can be eliminated using 
this feedback.
*
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3.9.2 Proportional Velocity Feedback 
This is of the form (Sec.(2.5.3 )):
A02 = Kp A0r2 (3 .12)
The effect that this feedback scheme has on the TSIM dynamic response 
is found by examining the eigenvalues of EEp] (Sec.(2.7.3)) for the 
TSIM described in Sec.(3.l). When Kp = 0 the eigenvalues of CEpH are 
exactly the same as those discussed in Secs.(3.2) and (3.3).
Variations in Kp affect only Eigenvalue 4 except at some slips, as 
mentioned later.
The effect of this form of feedback on Eigenvalue 4 is 
illustrated in Fig.(3.28.I),where the numbers adjacent to the points 
on each curve give values for Kp. The curves are all plotted at zero 
TSIM torque and the arrows indicate the direction for increasing Kp.
in the following discussion the effect of this feedback on 
regions A, B, C, D and E (Fig.(3.3)) of TSIM operation is considered.
For slips in regions A and B an increase in Kp causes Eigenvalue 
4 to move towards the real axis, giving an increase in the TSIM 
damping and a decrease in its response frequency, as shown by the curves 
for S > 0.5 in Fig.(3.28.I). When Kp is just less than 2 Eigenvalue 4 
branches along the real axis, the response becomes overdamped and no 
further increase in damping is obtainable. When Kp > 2, one branch of 
Eigenvalue 4 is at the origin, and so it can be seen from Fig.(3.28.1) 
that small changes in Kp, when Kp is just less than 2, can cause large 
movements of Eigenvalue 4 at slips greater than 0.5.
At slips in region C,Eigenvalue 2 moves to the right of Eigenvalue 
4 on the complex plane if Kp is large enough. However, Kp must be
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greater than about 1.5 before this occurs, and as shown by the curve 
for S = .47 on Fig.(3.28.1) this feedback can cause a considerable 
damping increase in this region.
As shown by the curve for S = 0.375 on Fig.(3.28.1), region 
D of unstable TSIM operation is not eliminated by this feedback because 
Eigenvalue 4 branches along the real axis before it is moved to the 
L.H.P.
At slips in region E the curves for S = 0.3, 0.2 and 0.075 show 
the effect of decreasing Kp on Eigenvalue 4. The sign of Kp must 
be changed, compared with its value in regions A and C, to cause an 
improvement in damping in region E.
Proportional feedback can increase the TSIM damping at a I I 
slips, with the maximum increase being for some slips in regions E and 
C. The effect of this feedback is similar at all torques at each 
slip. This feedback can eliminate the unstable operating region A 
(as indicated by the curve for S = I, Fig.(3.28.I)), but it cannot 
stabilise all TSIM operation in region D.
3.9.3 Derivative Velocity Feedback
This is of the form (Sec.(2.5.4)):
A©2 = Kq Ap0r2 (3.13)
The effect that this feedback scheme has on the TSIM dynamic response 
is found by examining the eigenvalues of CEp] (Sec.(2.7.4)) for the 
TSIM described in Sec.(3.i). When Kp = 0 the eigenvalues of [Ep] are 
exactly the same as those discussed in Secs.(3.2) and (3.3).
Only Eigenvalues 3 and 4 are affected significantly by this 
feedback. Eigenvalue 3 always remains far into the L.H.P. relative to
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Eigenvalue 4, and so the effect on the TSIM response of this feedback 
can be investigated by examining Its effect on Eigenvalue 4.
Loci of Eigenvalue 4 for varying Kp are shown at several slips 
on Fig.(3.28.2), where values for Kp are given by the numbers adjacent 
to the curves and the arrows indicate the direction for decreasing Kp.
All curves are plotted at zero TSIM torque.
From Fig.(3.28.2) it can be seen that at most slips a large 
increase in damping is caused as Kp decreases from zero. At small 
slips the effect becomes less, and at a slip of .05 Kp must be 
increased to obtain an increase in damping.
At large slips the movement of Eigenvalue 4 can be sufficient 
for it to lie to the left of Eigenvalues I and 2 on the complex plane. 
The frequencies 2 tt f 2 and 2 tt f | are so large at these slips 
(Fig.(3.22.I)) that transients of the TSIM shaft are expected to still 
be determined largely by Eigenvalue 4, however.
At any slip the effect on Eigenvalue 4 of a given change in Kp 
is very similar at all torques within the pull-out torques at that 
slip.
Derivative velocity feedback can therefore increase the TSIM 
damping at most slips. It causes little change in response frequency 
except for slips in region C (Fig.(3.3)),where the frequency increases 
as Kp decreases, (as illustrated by the curve for S = .47, Fig.(3.28.2)).
Eigenvalue 4 can be moved into the L.H.P. at all slips by 
derivative velocity feedback, indicating that all the regions of TSIM 
instability between the pull-out torques can be eliminated using this
feedback.
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3 ^ .4 Comparison of the Different Forms of Velocity Feedback
Comparison of Mgs. (3.27) and ( 5.28) shows lha! at most slips 
derivative velocity feedback causes the greatest increase in TSIM 
damping. When derivative feedback is used in practice however, it 
may cause the greatest amount of interference from noise on the velocity 
signal. Phase lag feedback is inherently a low pass filter, and is 
likely to be the easiest velocity feedback method to implement.
To increase the damping in all operating regions using 
proportional velocity feedback,the sign of Kp must be reversed at 
some slips (Fig.(3.28.I)). For phase lag and derivative velocity 
feedback schemes however, the same values of their gains K| and K2 
(Eqn.(3.1 I)), or Kp (Eqn.(3.1 3)), will improve the damping at all slips 
and torques except at slips close to zero. This leads to easier 
implementation of these feedback schemes if the TSIM is to operate 
over a range of speeds. Proportional velocity feedback produces 
significant increases in damping for constant values of its gain Kp 
for all torques at slips greater than 0.5.
The phase lag and derivative velocity feedback schemes can 
eliminate all the unstable TSIM operating regions between the pull-out 
torques; whereas proportional velocity feedback cannot eliminate the 
instability in region D (Fig.(3.3)).
At any slip the forms of velocity feedback considered here 
affect the TSIM response similarly at all torques between the pull-out 
torques for that slip.
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3.9.5 Phase Lag Current Feedback
This form of feedback is written (Sec.(2.5.5)):
A^jf-+K|Ae2 = K2 A Idc (3.14)
The effect that this feedback scheme has on the TSIM dynamic 
response is found by examining the eigenvalues of EELlH Sec.(2.7.5), 
for the TSIM discussed in Sec.(3.l).
This feedback introduces an additional fifth eigenvalue, 
Eigenvalue 5, which lies on the real axis and has the value 015. When 
K2 = 0, <25 = -K| and Eigenvalues I to 4 are exactly the same as those 
discussed in Secs.(3.2) and (3.3).
Eigenvalue 3 is not affected sufficiently by this feedback to 
affect the response. At large slips there is little movement of either 
Eigenvalue I or 2 caused by this feedback,but Eigenvalue 4 can be 
moved to the left of these eigenvalues at large slips. Because of the 
high frequencies 2 tt f | and 2 iTf2 associated with Eigenvalues I and 2 at 
large slips (Fig.(3.22.I)), mechanical TSIM transients, involving its 
shaft speed for example, are expected still to be determined by 
Eigenvalue 4 at these slips.
At most slips, if K2 is increased sufficiently, Eigenvalue 4 can 
be forced onto the real axis well to the left of Eigenvalue 5 in the 
complex plane. In addition, sufficiently large K2 can cause Eigenvalue 
2 to cross into the R.H.P.,and would be expected to cause instability 
at a frequency approximately equal to that of the supply to Machine 2.
For small K2 however, the effects of the phase lag current 
feedback schemes considered here can be investigated by examining their 
effects on Eigenvalues 4 and 5. Figs.(3.29) and (3.30) show, for two
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FIGURE 5.50 Phase lag current feedback with K]_ = 10
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different values of K| , the leftward movement of Eigenvalue 4 in the 
complex plane caused by varying «2* The values of «2 are indicated by 
the numbers adjacent to each curve. AI I the curves are drawn for 
zero torque, and for all curves |ot21 > 2 1CX41 except at large slips, 
as mentioned above.
For the range of K2 shown on the curves in Fig.(3.29),where 
K| = 1, 015 remains very close to the value of -I on the real axis 
at all slips except for slips close to 0.5. At slips close to 0.5, 
Eigenvalue 5 can be moved well into the L.H.P. for the same values of 
K2 which move Eigenvalue 4 into the L.H.P. However, for most slips, 
phase lag current feedback with K| = I can place Eigenvalue 5 very 
close to -I on the real axis for a wide range of slips and values of 
K2 . Therefore, if K2 is chosen to be large enough, the TSIM response 
can be made overdamped at most slips, with its dynamic response 
approximately constant and determined by Eigenvalue 5.
When K| = 10 however, the movement of Eigenvalue 5 is 
considerable as «2 is varied. At most slips a single value of «2 
moves both Eigenvalues 4 and 5 further into the L.H.P. For slips close 
to zero Eigenvalues 4 and 5 are moved in opposite directions on the 
complex plane for the same variations of K2 . Eigenvalue 4 dominates 
the response ( | cx.4 1 <C 2 1 ot̂  |) for all the values of K2 shown on Fig. (3.30).
By examining the effects of this feedback for several values 
of K|, it was found, as is indicated from a comparison of Figs.(3.29) 
and (3.30), that at most slips the larger the value of K| the less 
effect K2 has on moving Eigenvalue 4 into the L.H.P. It was also 
found that the movement of Eigenvalue 5 about its position on the real
n o
axis is greater, for the same changes in K2, the larger the value 
chosen for K|. To maximise the possible movement of Eigenvalue 4 
into the L.H.P. Kj should be chosen to be as small as possible. In 
addition, the smaller that K| is the wider is the range of slips and 
values of K2 for which Eigenvalue 5 remains close to the position of 
-Kj on the real axis. Using this feedback therefore, it is possible 
to make the TSIM dynamic response overdamped, with a known time 
constant of I/Kj secs., over a wide slip range for some values of Kj . 
Some exceptions to these rules occur at slips near to 0.5 and zero.
This form of feedback exhibits a torque dependence not shown 
by any of the forms of velocity feedback considered previously. This 
is discussed further in Sec.(3.9.7).
This feedback can eliminate instability at zero torque at any 
slip, but for some large motoring torques well outside the rated 
current limits this feedback will not eliminate oscillatory instability, 
as shown in Sec.(3.9.7).
3.9.6 Other Forms of Current Feedback 
The form of feedback:
A62 = Kp AIqq (3.15)
is introduced into the TSIM equations to produce a matrix [EpiH as 
shown in Sec.(2.7.6). The eigenvalues of this matrix are examined for 
the TSIM described in Sec.(3.1). When Kp = 0 the eigenvalues of [EPl] 
are exactly the same as those discussed in Secs.(3.2) and (3.3).
It was found that varying Kp, to move Eigenvalue 4 further into the 
L.H.P. obtained only very slight movement in (X4 before Eigenvalue 2 
moved into the R.H.P. At no slip was any significant improvement in
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the TSIM damping found by using this feedback scheme. .
To implement Eqn.(3.l5) it is necessary to find the derivative 
of the D.C. current into the inverter. This is difficult because of 
the presence of noise on this current (Sec.(4.6 .6)). If higher 
derivatives of the current are considered, the practical difficulties 
involved in eliminating the effects of noise from the D.C. current 
become even greater. Therefore, feedback schemes involving higher 
derivatives of Iqc are not considered here.
3.9.7 Effect of Torque on Current and Velocity Feedback Schemes
As mentioned in Sec.(3.9.3) the effect of phase lag current 
feedback on Eigenvalue 4 is dependent on the torque. This is 
illustrated for varying torque at a slip of 0.7 on Fig. (3.31). 014 is
plotted for varying torque for phase lag current feedback for which 
K| = I and «2 = 0.5 (Eqn.(3.14)). The curve for 04 with no feedback 
is also shown.
It can be seen from these curves that the phase lag current 
feedback scheme moves Eigenvalue 4 further into the R.H.P., compared 
with its value for no feedback, at torques greater than 1.67 p.u. The 
sign of K2 must be reversed at these torques if stable operation is to 
be mai ntai ned.
At a slip of 0.7 an increase in steady state torque produces an 
increase in steady state D.C. current until the torque approaches 1.67 
p.u. An increase in torque at torques greater than 1.67 p.u. causes a 
smaller steady state D.C. current. This change in the behaviour of the 
D.C. current occurs at the same torques at which the sign of «2 must be 
reversed to maintain stable operation and so the torque dependence of 
this feedback is not surprising. Similar effects were also found to
I V '
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FIGURE 3.31 Torque dependence of current feedback
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occur at most other slips.
Iho torque of 1.67 p.u. Is well outside the normal 1SIM operating 
range at the slip of 0.7 (Fig.(3.3)). For slips between 0.5 and 0.6, 
and between 0 and 0.15, the necessary reversal of sign of K2 to 
maintain the leftward movement of Eigenvalue 4 in the complex plane 
occurs at torques which lie between the rated current limits of the 
TSIM.
The torque dependence of the D.C. current feedback does not 
therefore represent a serious disadvantage over much of the slip range, 
particularly if only operation within the rated currents is considered.
In particular,there is little variation in the effect on 014 for slips 
in the unstable operating regions A and D (Fig.(3.3)), except at very 
large motoring torques. Phase lag current feedback should therefore 
be effective for stabilising TSIM operation in these regions.
The feedback schemes using the shaft velocity do not show this 
torque dependence. As an example, values for 014 are plotted on Fig.(3.31) 
for phase lag velocity feedback for which Kj = K2 = 10 (Eqn.(3.1 I)).
3.9.8 Comparison of the Velocity and Current Feedback Schemes
Phase lag velocity and derivative velocity feedback can both 
eliminate all the regions of TSIM oscillatory instability (Secs.(3.9.I) 
and (3.9.3)). Phase lag current feedback can eliminate most of the 
regions of oscillatory instability, with its effectiveness reduced at 
large motoring torques well outside the rated current limits Sec.(3.9.7).
In practice the response of the TSIM to steps in torque or speed 
are of interest. A control scheme is therefore much easier to implement 
if its parameters are independent of torque or speed.
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Phase lag velocity feedback for Kj - 10, and phase lag current 
feedback with Kj - I, both produce largo movomenls l n Eigenvalue 4 over 
a large range of slips for a constant value of t<2, as can be seen from 
Figs.(3.27.2) and (3.29). Derivative velocity feedback with Kq = -.1 
also has similar effects on Eigenvalue 4 over a wide torque and slip 
range (Fig.(3.28.2). For slips near 0.5 and 0 however, significant 
differences in the effects of all these feedback schemes on 
Eigenvalue 4 are observed for constant values of their parameters.
The velocity feedback schemes are relatively independent of 
torque compared with the phase lag current feedback scheme, although 
the latter has similar effects for torques within the TSIM’s current 
rating at many slips (Sec.(3.9.7)).
At most slips derivative feedback moves Eigenvalue 4 further into 
the L.H.P. than any other feedback method considered here, but the 
response remains underdamped. Both the phase lag methods, by 
introducing a fifth eigenvalue on the real axis, can theoretically 
change the TSIM response to being overdamped. Proportional velocity 
feedback can force Eigenvalue 4 onto the real axis at some slips, thus 
also changing the response to being overdamped. To do this requires 
accurate knowledge of the gain Kp however, if instability is to be 
avoided (Sec.(3.9.3)).
A property of phase lag current feedback is that for small values 
of Kj it is possible to insert Eigenvalue 5 at-Kj on the real axis, and 
its position on the axis remains substantially constant over much of 
the slip and torque range, irrespective of the value of K2- If K2 is 
chosen to be large enough so that at every slip Eigenvalue 4 is well to
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the left of -K|, the type of response from the TSIM will be 
approximately constant over a wide range of slips and torques, and 
determined by the value chosen for Kj (Sec.(3.9.5)).
It is also possible to insert Eigenvalue 5 anywhere between -K| 
and 0 on the real axis using phase lag velocity feedback. However, 
this is likely to prove difficult in practice (Sec.(3 .9.I)).
For practical TSIM operation it is likely to be advantageous to 
minimise the number of oscillations associated with a transient. This 
can be achieved by using a form of feedback which moves Eigenvalue 4 
into the L.H.P. wi thout increasi ng 2 iTf4. The more quickly the transient 
decays however, the larger the stresses placed on the machine for the 
duration of the transient. For example, the penalty for having the 
TSIM respond very rapidly when subjected to a step in some quantity may 
be unacceptably large transient currents. The extra eigenvalue 
introduced by the phase lag feedbacks can increase the response time 
and avoid these stresses if it is placed sufficiently close to the 
origin of the complex plane (Sec.(5.5.1)). At the same time these 
phase lag feedbacks can reduce the number of oscillations associated 
with the TSIM response by moving Eigenvalue 4 further into the L.H.P.
To implement any velocity feedback scheme would require some 
device for measuring angular shaft velocity, and would therefore 
detract from the TSIMfs constructional simplicity. However, the D.C. 
current into the inverter can be measured easily with no extra 
mechanical equipment. The phase lag current feedback scheme therefore 
has considerable practical advantages over the velocity feedback
methods.
3.10 Cone I us i ons
The theoretical analysis of the TSIM presented In Chapter 3
Indicates that:
(1) The TSIM is inherently unstable at many speeds at which it 
can develop useful torque (Sec.(3.2)).
(2) At most speeds and torques the natural response of the 
TSIM Is that of a second order underdamped system.
The values of its damping and frequency are determined 
mainly by the speed, and are given by the curves for 
and 2 7T f 4 in Fig.(3.4), (Sec. (3.3.4)) .
(3) The effects of design constant changes on the TSIM 
natural response vary with speed and can be examined 
for most practical changes by examining the behaviour 
of Eigenvalue 4 at zero torque (Sec.(3.4)). The TSIM 
remains underdamped for most of the design constant 
changes considered (Sec.(3.4.7)).
(4) No change in any design constant has the same effect 
on the natural frequency and damping of the TSIM at all 
speeds. The design of the TSIM can have considerable 
influence over its natural response In some speed 
ranges, and several rules concerning the effects of 
the design constants on the TSIM response are given
i n Sec.(3.4.7).
(5) No change in any design constant from its value for the 
experimental TSIM can eliminate all the areas of 
inherently unstable TSIM operation. In addition,
the change in design constant which enlarges a region 
of stable TSIM operation may involve a loss in efficiency 
and a decrease in the pull-out torques (Sec.(3.4.8)),
(6) There are few general rules which enable a machine 
designer to affect the TSIM dynamic behaviour in a 
given fashion over its complete speed range. The 
effect that each design constant has on the response 
and on a stability region must therefore be considered 
at the particular speeds of interest, as detailed in 
Sec.(3.4). However, considerable reduction in the 
inherently unstable operating area at large slips, 
and an increase in the damping achievable at most 
slips,can be obtained if the sum of the leakage 
inductances in the component TSIM machines is 
minimised (Sec.(3.4.9)).
(7) The TSIM eigenvalues show relationships with particular 
aspects of the TSIMfs physical operation (Sec.(3.5)).
(8) Increasing the voltage amplitude to Machine 2 to 
maintain the rated flux in it at slips near 0.5 can 
have considerable effects on the TSIM natural response, 
but does not affect its stability regions significantly 
(Sec.(3.6)).
A design constant change which caused large variations in 
the TSIM response at slips near 0.5, when the voltage 
to Machine 2 was made proportional to frequency, caused 
similar variations when the voltage amplitude to
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Machine 2 was increased at these slips (Sec.(3 .6)).
These response variations are therefore not caused by 
flux weakening in Machine 2 at low supply voltages.
(9) Resistive impedance in the TSIM supplies can have 
significant effects on the natural response and 
stability regions of the TSIM (Sec.(3.7)).
(10) The presence of small amounts of Coulomb friction 
stabilises operation of the experimental TSIM about 
a speed of zero (Sec.(3.8)).
(11) The phase lag and derivative velocity feedback schemes 
(Secs.(3.9.I) and (3.9.3)) can increase the damping
of the TSIM response at most slips, and can eliminate all 
the unstable operating regions between the pull out 
torques (Sec.(3.9.4)). Phase lag velocity feedback is 
easier to implement than derivative velocity feedback in 
the presence of noise on the velocity signal (Sec.(3.9.4)).
(12) The phase lag current feedback schemes can increase the 
damping at most slips and torques, and can eliminate all 
the areas of unstable TSIM operation within the rated 
current limits (Sec.(3.9.5)).
(13) Successful implementation of a feedback scheme depends on 
correct choice of the gains used, and this can depend on 
the speed. In particular, the values of both the gains 
in each of the phase lag feedback schemes can determine
the effectiveness of these schemes (Secs.(3.9.I) and (3.9.5)).
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(14) The velocity feedback schemes considered in
Secs.(3.9.1) to (3.9.3) are relatively independent 
of torque, whereas the phase lag current feedback 
scheme shows a torque dependence which can reduce 
its effectiveness within the TSIM operating range at 
some slips (Sec.(3.9.7)).
(15) Phase lag current feedback can cause the TSIM natural 
response to be predominantly overdamped with a known 
time constant over a wide range of torques and slips 
(Sec.(3.9.8)).
(16) An advantage of the phase lag current feedback schemes, 
compared with the velocity feedback schemes, is that 
they can be implemented without detracting from the 
TSIM's mechanical simplicity (Sec.(3.9.8)).
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CHAPTER 4 : THE TWO MACHINE TSIM •
4*I Description and Operation of the Experimental TSIM 
4•I•i Experimental Machine Configuration
A block diagram of the experimental machines is given in 
Fig.(4.1). The TSIM is made up of Machines I and 2, which are two 
7 V2 H.P., 3-phase, 4-pole wound rotor slip ring induction machines 
connected mechanically by the chain drives C, and with their slip 
rings connected electrically through the switch S. The load on 
the TSIM was provided by the D.C. machine, which is also connected 
by a chain drive. Machine 3 is used to measure the load angle $
(as discussed in Sec.(4.5)).
The D.C. machine and Machines I and 2 have identical shaft 
speeds, and Machine 3 is connected so that it rotates at twice 
this speed. Fig.(4.2) is a photograph of these machines, showing 
the chain drives. These drives introduced limitations on the 
speeds at which the TSIM could be operated. At speeds greater than 
750 r.p.m., the chains overheated. To avoid damaging them, speeds 
greater than 750 r.p.m., corresponding to slips less than 0.5, were 
examined only to test the inherent TSIM stability at these slips, 
and no other measurements at these slips were made.
Machine I was supplied from the 415V., 3-phase,50 Hz mains 
via a Variac. The Variac enables reduced voltages to be used on 
starting, and also during actual TSIM operation over some slip 
ranges (Sec.(4.2.2)). Machine 2 was supplied from a variable 
frequency inverter which was fed by a D.C. source (Sec.(4.2)).
Experimental investigation about zero speed (when S = I) could 
be carried out at rated flux levels in the TSIM by disconnecting the
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FIGURE 4.2 Ph o t o g r a p h of e x p e r i m e n t a l m a c h i n e s
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inverter from Machine 2, and supplying both it and Machine I from 
the Variac. With correct arrangement of the phase sequences the 
shaft is stationary in the steady state, and torque steps could be 
supplied by the D.C. machine without there being any limitations 
placed on operation of the TSIM by the inverter. (These limitations 
are discussed in Sec.(4.2.2).)
4.1.2 Experimental Technique
Two methods of examining the characteristics of the TSIM were 
used. One of these was to run the TSIM up to the required speed 
using the D.C. machine. Both TSIM stators were excited,and the 
TSIM synchronized,by closing the rotor switch S (Fig.(4.1)) when 
there was no voltage across it. The other method was used for 
speeds less than 730 r.p.m. (at slips > 0.5). Both TSIM stators 
were excited and S closed at zero speed. Then the TSIM was run up 
to speed by varying the frequency of the supply to Machine 2. To do 
this while maintaining approximately equal flux levels in both 
machines of the TSIM,it was necessary to manually vary the voltage 
levels to both Machines I and 2 (Sec.(4.2.2)). Since at low speeds 
the TSIM is inherently unstable (Sec.(5.2)), the method of running 
the TSIM up to the required speed was used with phase lag current 
feedback applied in order to maintain stable operation (Sec.(5.5.I)).
The exper i menta I transients considered in Chapter 5 were 
plotted using a two pen Hewlett-Packard 7402 A oscillographic ' 
recorder. This has a bandwidth, for a I cm. deflection, of 0 to 
125 Hz., and was used to plot transients both in shaft speed and in 
D.C. current supplying the inverter (Iq q ), at the same time. The 
speed transients were obtained from a D.C. tachometer connected to
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the shaft of the D.C. machine (Fig.(4.1)). The transients in Iqq 
were found by monitoring the voltage drop across a small resistance 
inserted into the D.C. line supplying the inverter. It was found 
that this resistance made no detectable difference to the TSIM 
speed transients. Any effect of this resistance on the TSIM 
transients was therefore considered to be insignificant compared 
with the effects of the impedance of the D.C. supply to the 
inverter (Sec.(4.2.3)).
The smaI I unavoidable misaIignment of the shafts of the 
tachometer and the D.C. machine introduced a spurious once per 
revolution oscillation in the tachometer output. Because for some 
transients only very small variations in shaft speed occurred, 
considerable filtering of the tachometer signal was required to 
detect these variations and to obtain plots of the transient 
velocities. Before the tachometer output was fed to the recorder 
therefore, it was filtered through a simple first order low pass 
filter having a time constant of 0 .1 seconds.
The D.C. current waveform had spikes on it corresponding to 
the commutation of the S.C.R.’s in the inverter (Sec.(4.2.2)), as 
well as a large alternating component at a frequency equal to 
six times the inverter frequency. To obtain the plots of the 
D.C. current presented in Chapter 5, the voltage proportional to 
the D.C. current was filtered by a simple first order low pass 
filter, with a time constant of .047 secs., before being fed to
the recorder.
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4.1.3 Machine Constants
The constants of Machines I and 2 were each measured 
separately by standard no load and full load tests1*0. The variation 
of these parameters with frequency was investigated and no 
significant variation for frequencies between 15 Hz and 50 Hz 
was found.
The rated phase current of each machine is 5.78 A., and the 
rated phase voltage is 415 Volts at 50 Hz. With these quantities 
taken as bases, and with equal distribution of leakage inductance 
between the stator and rotor of each machine assumed, the measured 
parameters of each machine expressed in per unit quantities are as 
follows:
Mach i ne I Mach i ne 2
Stator resistance per phase .... Rs | = .0260 Rs 2 = .0268
Rotor resistance per phase,
referred to the stator ......  Rr| = .0590 Rr 2 = .0586
Stator and Rotor Self 
Inductance, referred to the
stator .......................  Lr| = Ls i = 2.43 Lr 2 = Ls2 = 2.48
Leakage Inductance ............ (Ls |—M|) = .0787 (LS2~M2) = .0787
The mass moment of inertia of the rotating parts of all the 
machines connected as shown in Fig.(4.1) was found by standard 
retardation test methods'*5 to be 1.39 Kg.m^. Machines I and 2 are 
both 4 pole machines,and to obtain the inertia constant for the 
TSIM the experimental TSIM is here considered as an 8 pole induction 
machine with a K.V.A. rating equal to the sum of the K.V.A. ratings
of Machines I and 2. This gives an inertia constant for the TSIM 
and its associated machines of .298 secs.
4.1.4 Rated Operation of the TSIM
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In general, the magnitudes of the phase currents in the 
stators of Machines I and 2 are not equal when the TSIM is operating 
in the steady state. In a practical TSIM with both stator windings 
in one frame, the temperature rise of both windings depends on the 
currents in both and the maximum allowable temperature rise in 
steady state operation depends on the currents in both stators. In 
addition, in the absence of forced ventilation, movement of air 
through the machine becomes less at slower speeds and so some derating 
of the machine at slower speeds is necessary.
To give an approximate idea of the range of torques in which 
the TSIM would normally operate, the rated torque at any slip is 
here defined as the torque at which the average of the squares of 
the phase current magnitudes in the stators of Machines I and 2 
equals the square of their rated phase currents. These torques are 
given by the "rated operation" curves in Fig.(3.3). "Rated 
operation" of the TSIM refers to operation between these torque 
limits, and "rated torque" at any slip refers to the torque on the 
rated operation curves at that slip.
One per unit (I p.u.) torque from the TSIM is the sum of the 
per unit torques of Machines I and 2. Machines I and 2 are rated 
at 7 V2 H.P., with synchronous speeds when supplied at 50 Hz equal 
to 1500 r.p.m. This gives 35.6 N.m. as their per unit torque, 
and so I p.u. torque from the TSIM is defined here as 71.2 N.m.
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4.2 Power Supply to Machine 2
4.2.1 Introduction
The inverter supplying Machine 2, the D.C. supply feeding the 
inverter, and the control circuitry controlling the inverter 
frequency are all discussed in this section.
4.2.2 Inverter Supplying Machine 2
The inverter available for the experimental work was a 
McMurray and Shattuck S.C.R. inverter1*7. At most of the voltages 
and frequencies at which this was used, it was not able to supply 
currents much greater than the rated currents for Machine 2. The 
underdamped nature of the TSIM response without feedback therefore 
limited the size of the torque steps which could be applied without 
causing the inverter fuses fo operate.
Commufation conditions for this inverfer are functions of its 
output voltage and frequency, and of the power factor of the load.
All these quantities limited the range over which the TSIM could 
operate and prevented any investigation of slips between 0.6 and 
0.4. To avoid commutation failures, it was also necessary to reduce 
the flux level of the TSIM from 100% of its rated value at the slip 
of 0.7, to 40$ at standstill. Similar reduction of the flux was 
made from 100$ at S = 0.3 to 40$ at S = 0. This reduction was 
achieved by maintaining the voltage supplied by the inverter constant 
at its largest practical value, and varying the voltage supplied 
to Machine I (using the Variac, Fig.(4.1)) so that, at very slip 
i nvestigated:
V s l = V s2
“ l (l - 2S)a)j
(4. I )
MM
This maintains approximately equal flux levels in both Machines I 
and 2 over the range of speeds investigated experimentally.
Most of the limitations placed on the operation of the 
experimental TSIM by this inverter can be removed by using an 
inverter in which the commutation conditions for the S.C.R.'s are 
relatively independent of the inverter load and supply conditions.
Such inverters are described in Reference 48, for example.
The inverter supplies a three phase, three wire output. From 
a Fourier series expansion of its output voltage waveforms it was 
found that the voltage amplitude, Vs2, of the fundamental frequency 
in its Iine to line voltage is related to the D.C. voltage supplying 
it, VDC, by:
Vs2 = 2M T .VDC (4.2)
Vd c and Vs 2 are shown in Fig.(4.3.1) and Vqq is controlled as 
discussed in Sec.(4.2.3).
There are no even harmonics or third or multiples of the 
third harmonic in the inverter output voltages. The lowest 
frequency harmonic present is the fifth, which has an amplitude of 
20$ of the fundamental.
The harmonics caused by stepped voltage waveforms applied to 
induction machines from inverters increase the losses in the machines
and decrease their efficiency, but often do not affect their dynamic
%
performance**9. The rotor speed can be affected to some extent by 
these harmonics if they are of sufficiently low frequency that the 
rotor can respond to them50. The lowest harmonic present in the 
output frequency u)2 of the inverter considered here is at 3o)2 rads./sec
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and this would be expected to have little effect on the behaviour of 
the TSIM rotor except at low values of oj2, which occur at slips near 
0.5.
The energy used in commutating the S.C.R.’s in the inverter is 
dissipated as heat in the inverter. Energy is also lost in the 
resistance of the fuses and in the diodes and S.C.R.’s of the 
inverter. Most of this energy loss cannot easily be taken into 
account in the TSIM equations. However, some of the line current 
dependent loss in the inverter can be considered in the TSIM equations 
by adding resistance into the stator of Machine 2. By direct 
measurement of line voltage against line current for various resistive 
loads,it was found that the resistive impedance, presented to Machine 
2 by the inverter, could be considered in the perturbation equations 
for the experimental TSIM by adding .0138 p.u. resistance to the 
value for Rs 2 given in Sec.(4.1.3).
4.2.3 D.C. Supply to Inverter
The D.C. supply available for the experimental work was an 
amplidyne with voltage and current feedback, as shown in Fig.(4.3.1). 
This was driven by a 50 H.P. induction motor connected to the mains.
1
The output voltage Vqq was controlled by the voltage Vf, and good 
regulation of VDC was obtained for frequencies of IDC less than 
0.5 Hz.
An oil-filled 2000 yF capacitor was placed across the D.C. line 
<»
to the inverter to minimise variations in Vqq during TSIM transients. 
When oscillating currents are drawn from this supply, the dynamic 
interaction between the amplidyne, the TSIM, and the capacitor 
introduced perturbations in the voltage supplying Machine 2 which are
4 . 3 . 1  D.C,  SUPPLY TO INVERTER
4.3.2 Frequency control of inverter
Vi is supplied from feedback circuits
A'l is variable gain of amplifier •
Vs is set point for steady state frequency 60)2
V.C.O. is voltage controlled oscillator
611)2 pulse train is fed to inverter control circuits
FIGURE 4 .3  Inverter supplying machine 2
not accounted for in tho IS IM perturbation equations.
It was found experimentally that as the frequency of small 
(±.5A) constant amplitude variations in Iqq increased above 0.5 Hz., 
the oscillations in V q q  showed varying phase relationships with I q q , 
until at frequencies near 3 Hz. (18 rads./sec.), variations in Vqq 
and IQQ were found to be nearly in phase. Near these frequencies, 
the impedance of the D.C. supply could be approximated by a series 
resistance measured at 0.2 per unit (where the power rating of the 
power supply to Machine 2 is used as a base for this per unit 
measurement, as discussed in Sec.(3.7)).
At high frequencies in I q q , the amplitude of the oscillations 
in Vdc became less for a given amplitude of oscillations in Iq q , but 
the phase relationship varied as the influence of the capacitor 
caused the impedance of the D.C. supply to become more capacitive.
Because of the large voltage range which the amp Iidyne supplies 
to the TSIM over its speed range, the saturation conditions within 
the amplidyne change at different TSIM speeds. It was found that 
the dynamic relationship between V q q  and I q q  showed some dependence 
on the steady state value of V q q , and also on the amplitude of the 
osc iI I at i ons i n Iq q . -
The time constants of the amplidyne were sufficiently large that 
impracticaI Iy large voltages would have been required to be used in 
feedback to the ampl¡dyne’s field circuits to reduce the oscillations 
in V q q  to negligible proportions. This D.C. supply therefore introduced 
unavoidable perturbations in Vqq when the underdamped response of the 
TSIM without feedback was investigated. When the response frequencies 
were near 18 rads./sec. however, the effect of the D.C. supply
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could be approximated by considering its impedance as being purely 
resistive. Resistance in this supply can be taken into account in 
the TSIM equations as discussed in Sec.(5.7).
The various forms of feedback applied to the experimental 
TSIM reduced the transient decay times and the dominant frequencies 
to such an extent that Vqq showed little variation during such 
transients. The TSIM equations should therefore provide a more 
accurate description of the experimental TSIM when it is operated 
with feedback.
Because most modern D.C. supplies for inverter fed machines 
are built from power semi conductors,and are usually capable of much 
better regulation than an amp Iidyne, and because the response of the 
experimental TSIM, when operated with feedback, was well described 
by the equations used, it was not considered worthwhile to increase 
the order and complexity of the TSIM equations to accounl for the 
complicated voltage and current dependent interaction between the 
experimental TSIM and this particular D.C. supply.
The underdamped nature of the TSIM response without feedback 
typically caused large transient currents and powers to flow. The 
supply for Machine 2 should therefore ideally have several times 
the power and current rating of Machine 2 to enable a more complete 
investigation of the TSIM’s response without feedback. This would 
have required the building of a solid state rectifier-inverter with 
a rating of at least 20 k.w., but funds were not available to do 
this.
4.2.4 Inverter Frequency Control. '
If the frequency of the inverter output is CO2 , the logic
*)
controlling the firing of the S.C.R.'s Is supplied with a pulse 
train at; a frequency of 60)2 - This pulse train was supplied by 
an "INTERSIL 8038” integrated circuit connected as a voltage 
controlled oscillator (V.C.O.).
As shown in Fig.(4.3.2),this V.C.O. is supplied with a voltage 
derived from a summer which has two inputs. One of these inputs 
amplifies with a gain ofAj the control voltage V| from the 
feedback circuits, as discussed in Sec.(4.6.1). When this input 
is zero,the inverter frequency is controlled by a voltage Vs 
applied to the set point input of the summer. This voltage was 
adjusted manually in order to set the steady state operating 
speed of the TSIM.
With both the inverter and the half controlled bridge 
supplying the D.C. load motor (Sec.(4.3)) operating, the 
environment was electrically very noisy. Considerable care was 
needed to prevent spurious noise pulses from entering the logic 
controlling the inverter. Considerable attention was paid to 
providing shielding from radiated noise, and to providing low 
impedance power supplies and matched terminations to amplifier 
outputs.
4.3 D.C. Machine
This is shown in Fig.(4.1) and provides the means for
applying torque to the TSIM. It was rated at 30 H.P. at% '
1500 r.p.m.
FIGURE 4.4
Fig.(4.4) shows a diagram of this machine. It is separately 
excited with a constant field voltage Ef. Eg is the generated 
armature vo11 age, Ra is the resistance in the armature and R|_ is a 
variable externally added resistance in the armature circuit.
S is a three position switch. When S is in position C,the D.C. 
machine is supplied by a variable voltage Er obtained from a half- 
controlled rectifier fed from the mains.
The stator of the D.C. machine was suspended in trunnion 
bearings and restrained from rotation by means of a steel bar. The 
strain in this bar was measured by means of a semi conductor strain 
gauge bridge and the output from this bridge was calibrated to give 
a direct reading of the reaction torque being applied by the stator. 
This torque can be used to measure all the torque being applied by 
the D.C, machine to the TSIM, except for the negligible torque required 
to overcome the friction in the trunnion bearings supporting the
D.C. machine’s stator.
By using the D.C. machine to drive the TSIM with both of its 
stators excited and its rotor switch open, the torque due to friction, 
windage and excitation losses in the TSIM could be found. This 
torque was included when calculating the total torque developed 
by the TSIM to give the experimentally determined TSIM torques 
presented in Chapter 5.
The switch S (Fig.(4.4)) was used to apply torque steps to 
the TSIM. Typical rise and fall times of the D.C. machine armature 
currents were less than .02 secs., and so such torque steps are 
very rapid when compared with the dominant time constants of the 
experimental transients discussed in Chapter 5.
To obtain eigenvalues for an operating point of the 
experimental TSIM when the switch S is in position A or C, the 
damping contributed by the D.C. machine at that operating point must 
be taken into account.
With Ef constant, Ea is proportional to the speed of the D.C. 
machine, 0irm rads./sec. Ea can therefore be written:
Ea Kv w rm• (4.3)
where Kv is a constant.
The torque Tqq developed by the D.C. machine is:
tDC (4.4)
rm
Substituting for Ia when the switch S in Fig.(4.4) is in 
position C, and using Eqn.(4.3), gives:
(4.5)
For constant Ep and Ky :
3TDC Kv2
3o) “ R + R,rm a L
(4.6)
From this equation it can be seen that the term, 5— 7— 5“ A^rm, mustK-a + K, 1 3 L
be included in the torque equation, Eqn.(A4.l5), of the experimental 
TSIM when calculating its eigenvalues.
This damping torque acts to oppose changes in speed and so 
increases the damping. It varies with R[_, and so depends on the 
steady state torque impressed by the D.C. machine on the TSIM. It 
was found that for the range of TSIM torques and speeds for which 
transients are shown in Chapter 5, the effect on the TSIM 
eigenvalues of this damping was very small. This was because the 
D.C. machine could supply sufficient torque, at the speeds 
investigated, with relatively large values of R\_ in its armature 
ci rcu it.
The damping torques produced by excitation and other losses 
in the D.C. machine were taken into account as discussed in Sec.(4.4).
4.4 Friction, Windage and Losses
The losses caused by friction and windage in the machines 
and in the chain drives, and the excitation losses in the D.C. 
machine, were found experimentally as a function of speed by means 
of standard retardation tests'15. An orthogonal polynomial least 
squares curve fitting program52 was used to fit a second order 
polynomial to this curve. The equation of the torque TL, produced 
by these losses, as a function of speed u)pm, was found to be:
= (3.47+.0533oJrm + .000l48u)rm
2)N.m. (4.7)
Eqn.(4.7) shows tha I lL is nearly linear with speed for most 
of the speed range. This is because the losses caused by the high 
friction of the chain drives largely outweigh all other losses. 
Differentiating Eqn.(4.7) gives:
8TL
9 ( A )
(.0533 + .000296o)rm) N.m./mech.rads./sec. (4.8)
rm
Eqn.(4.8) gives rise to a damping torque which opposes any change 
in speed of the TSIM shaft, and is included in the perturbation 
equations of the experimental TSIM as discussed in Sec.(3.8).
Extra damping not accounted for in Eqn.(4.8) is provided by 
core losses in the TSIM. For transients about a steady state 
operating point at most speeds, when variations in speed, supply 
frequencies and phase currents are small, there will be little 
change in the flux levels in the TSIM and so there will be very 
little damping caused by variations in hysterisis or eddy current 
losses during these transients. At slips near 0.5, when the 
voltage amplitude to Machine 2 is small, variations of the phase 
currents in Machine 2 will cause larger percentage changes in the 
transient TSIM fluxes in Machine 2 than at other slips for which its 
supply voltage is larger. The smaI lest voltage supplied to Machine 2 
in this study was at the slips of 0.6 and 0.4, where the transient 
phase currents observed caused changes in the flux levels of Machine 2 
of the order of \0% of«the steady state value.
When several retardation tests were carried out with various 
voltages applied to Stator 2 with the TSIM rotor open-circuited,
and with Stator I excited at full voltage, it was found that the
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presence or absence of excit.it ion on the 1SIM made very lit Ik' 
difference to Iho coefficients of fqn.M.8). It is therefore 
assumed that, for the experimental T5IM, 1he friction of the chain 
drives is likely to mask the effect of any damping caused by core 
losses i n the TSIM.
4.5 Measurement of Load Angle, $
The load angle $ of the TSIM is a measure of the phase 
difference between the supplies to Stator I and Stator 2. These 
supplies are, in general, of different frequencies, but they appear 
at the same frequency relative to the TSIM rotor. Their relative 
phases "therefore depend on the rotor position, as well as any 
variations in phase which might be impressed externally on the 
supplies. In the steady state the phases of these supplies drift 
with respect to the rotor, but the rotor adjusts itself to maintain 
a constant load angle. A method of frequency conversion of these 
supply frequencies is required so that a continuous comparison of 
their phases is made with respect to the rotor.
A 4-pole wound rotor slip ring induction machine, Machine 3 
Fig.(4.I), was connected to the TSIM rotor by means of a chain and 
sprocket drive so that its shaft rotated at exactly twice the 
speed of the TSIM.
If the stator of Machine 3 is supplied at the same frequency 
as the stator of Machine I, then, since Machines I, 2 and 3 are 
all 4-pole machines, the frequency of the voltage at the slip rings 
of Machine 3, a)s3, is given by:
u)s3 = u)| -  2ajr  ( 4 . 9 )
where a)r is the speed of the TSIM shaft in electrical rads./sec.
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From Eqn.(A3.12) and Eqn.(A3.l5) it can be seen that for the 
experimental TSIM:
u S 3 = 0)2 ( 4 . 1 0 )
Thus the frequency of the voltage from the slip rings of Machine 3 
equals the frequency of the supply to Stator 2, and the phase of 
these voltages relative to the supply to Stator 2 can be compared.
From Eqn.(A3.10) it can be seen that $ depends on (6 | + 62)» 
and from Eqn.(A3.5):
A(6 | + 62) = 2 A0r - A0j - A02 (4.11)
where A0r = A0r| = A0p2 for the experimental TSIM. Therefore, as 
the TSIM’s shaft is loaded with its supplies kept at constant 
frequency so that A0| = A02 = 0, $ changes in accordance with 2A0r 
(Eqn.(4.I I )), and this same phase change occurs between the output 
from the slip rings of Machine 3 and the supply to Stator 2.
A direct reading of 4> can be obtained from this phase comparison 
if a particular value of the phase difference between the slip ring 
ouput and the Stator 2 supply is known to correspond to a known 
value of $. This can be simply accomplished by exciting both TSIM 
stators at their rated values from the same supply when the TSIM 
shaft is stationary. If the rotor switch is closed and the rotor 
rotated until minimum rotor current flows, the TSIM torque and the 
load angle $ are found theoretically to be negligibly different from 
zero.
The phase difference between the voltages from the slip rings 
of Machine 3 and the supply to Stator 2 is now set at some reference 
value corresponding to $ = 0. Variations in $ about zero now
correspond directly to the measurable phase variations about this 
reference value.
The output from the slip rings was very close to sinusoidal 
because negligible current was drawn from Machine 3. This output 
was therefore easi ly converted to a square wave and compared with 
a square wave obtained from the supply to Stator 2. A ramp 
generator was connected so that it was started by one square wave 
and stopped by the other, as shown in Fig.(4.5).
VOLTS
FIGURE 4.5
The height of the ramp is determined by the phase between the 
two square waves. If Vr corresponds to the height of the ramp when 
$ is assumed to be zero, then V̂ , - Vr can be calibrated to give a 
direct reading of the steady state value of 4>.
At shaft speeds above about 550 r.p.m., the fluctuations in 
the mechanical rotor position of Machine 3, introduced by the
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cha i n couplings, causGd considerable variations in in the steady 
state and made reliable measurements of 4> difficult. For this 
reason, no curves of $ against torque are presented for the slip 
of 0.6 in Sec.(5.1). At other slips for which experimental 
measurements of $ are presented in Sec.(5.1), variations in the 
measured value of $ about a steady state were less than ± 1.5 degrees.
At zero speed, with both Stators I and 2 supplied from the 
mains, the transient variations in $ caused by steps in torque, 
given in Fig.(5.8), were found by plotting the series of ramps of 
Fig.(4.5) as a function of time on an ultraviolet recorder. It 
can be seen from Fig.(4.5) that there are two samples of $ per 
period and at standsti I I, with both Stators I and 2 excited from 
the 50 Hz. mains, $ is sampled 100 times per second. Since the 
frequency of the TSIM rotor transients are of the order of 3 Hz. 
at standstill, the ultraviojet recorder output provides nearly 
a continuous record of transients in $ for torque steps at zero 
speed.
4.6 Implementation of Feedback Schemes
4.6.1 Introduction
The feedback control schemes considered in this section
provide an input voltage V| to the summer controlling the frequency
of the inverter. This frequency, , is written:
dt
— L  = — D(A, V i + V_) (4.12)
dt
where A|, V| and Vs are shown in Fig.(4.3.2) and D is a constant.
The feedback schemes provide relationships between small 
perturbations in TSIM quantities, and so in the steady state there is
no output from any feedback circuit and V ( is made equal to zero.
The steady state frequency to the inverter is then controlled by the 
set point voltage, Vs . During transients, Vs is a constant, and 
small perturbations of Eqn.(4.l2) are written:
d02
= -DA jAy | =-AV | (4.13)
where A = DA| and Vj is a function of small perturbations of the TSIM,
as determined by the control circuits.
The experimental technique used was to run the TSIM up to
speed using the D.C. load motor and then to set the output V| from
the feedback circuit to zero. The inverter was then set at the
required frequency using the set point voltage Vs. Both TSIM stators
were then excited and the TSIM synchronized by closing its rotor
switch at the appropriate time. The TSIM was then under the control
of the feedback scheme in accordance with Eqn.(4.l3). The equations
for the circuits in the following sections are derived by assuming
that these circuits are constructed from operational amplifiers
with infinite gain and infinite input impedance.
4.6.2 Phase Lag Velocity Feedback
A 741-operational amplifier is connected as shown in Fig.(4.6),
where the input voltage V] is connected to the tachometer on the
TSIM shaft (Fig.(4.1)) which rotates at elec. rads./sec. Thus:
dt
d0 (4.14)
V |  = Kv
dt
and Kv is a constant.
FIGURE 4.6
In 1 he steady state, V| is set to zero using the Z input of Fig.(4.6) 
and so from Eqn.(4.l3) and Eqn.(4.l4), the relationship between the 
small perturbations in rotor position and inverter frequency set 
by the circuit of Fig.(4.6) is:
A A02 = AKy Aflr (4.15)
dt R2C 1 R|C|
Comparing this with Eqn.(3.ll), it can be seen that the gains 
Kj and «2 of the theoretical phase lag velocity feedback scheme 
are defined so that:
K| = R2C 1
AKV
K2 = R I C 1
(4.16)
In particular, «2 can be varied easi ly during operation of the 
TSIM, if necessary, by varying the gain A| at the summer input, 
Fig.(4.3.2).
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The presence of R2 and C| in the feedback loop of the
operational amplifier of Fig.(4.6) makes this control scheme a
V|low pass filter, where the gain (20 log
at frequencies above
V ) drops by 20db./decade
(- K|) rads./sec. The maximum value 
of K| considered was 10 rads./sec., and so this feedback scheme
inherently reduces the effects of noise on the incoming tachometer 
signaI .
4.6.3 Proportional Velocity Feedback
If C| is left out of the circuit of Fig.(4.6) and Vj is set 
to zero in the steady state using the input Z, then the control law 
implemented will be:
A82 = AKV ^2 A8r
R l
(4.17)
Comparison of Eqn.(4.17) with Eqn.(3.l2) shows that the gain Kp can 
be controlled by varying Ai (Fig.(4.3.2)).
In practice, a small capacitor C| was connected across the 
resistor R2 in Fig.(4.6), so that was much larger than the
oscillation frequencies in the TSIM. This then provides a reduction 
of high frequency noise'on the input tachometer signal without 
affecting the relationship Eqn.(4.l7) at lower frequencies. For
the results presented in Sec .(5.4.2. ), R2C, was chosen to be
54 rads./sec., which is more than three times the natural oscillation 
frequencies of the TSIM at the speeds investigated.
4.6.4 Derivative Velocity Feedback
This scheme proved difficult to implement practically because 
of its inherently high gain at high frequencies. Fig.(4.7.1) shows 
the circuit used, and the relationship between its input and output
R,
V|
H iZ il Cir c u it  to im plem ent d e r iv a t iv e  v e l o c it y
AND PHASE LAG CURRENT FEEDBACK
4 . 7 . 2  Ga in  G= ¡20 lo g (^ -)| v . Frequency co plot 
FOR CIRCUIT OF F IG . ( 4 . 7 . 1 ) .
( g r a d ie n t s3- 20 d b . / d ecad e)
FIGURE 4 .7  De r iv a t iv e  v e l o c it y  and phase lag
current feed ba c k  schemes
I h(
voltages is given in Fig.(4.7.2).
It can be seen from Fig. (4.7) that V: is differentia ted only
at frequencies much less than p- ^ rads./sec. The two breakpoint
frequenc i es and (Fig.(4.7.2)) were set as high as possibleR lc l r2c2
to maximise the frequency range over which the input was differentiated
i i
but the choice of and s a compromise between reducingRIC | R2C2
the spurious noise introduced from the tachometer, and the frequency
range at which Vj can be differentiated. The values of 
were set at 18 and 100 rads./sec. respectively.
V| is connected to the tachometer so that:
RiC and
V
d0r
Kv d T
Thus, the circuit of Fig.(4.7.1) relates the variations in inverter 
frequency about a steady state to the variations in speed about 
a steady state speed, so that for frequencies less than p-~ - rads./sec.
d0.
A62 t AKV R2C| ^p (4.18)
By comparison with Eqn.(3.l3), it can be seen that the gain Kq equals 
AKV R2C| at the frequencies which are differentiated. Kq can therefore 
be varied by varying the gain A| in Fig.(4.3.2).
Because of the series capacitor C| (Fig.(4.7.1)), V| is 
automatically zero when Vj is constant. Therefore, there is no need 
for a set point in the circuit of Fig.(4.7.1) to be adjusted to reduce 
V| to zero at every different steady state speed.
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4.6.5 Phase Lag Current Feedback
Ihis was imp lernen led using the circuit shown in Fig. (1.7.0. 
If Vj is made proportional to the current flowing into the inverter 
so that:
V i = KI IDC (4.19)
then Vj is zero in the steady state when I q q  is constant. If the 
effect of C2 is ignored and V| is connected to the summer input of 
gain A|, Fig.(4.3.2), small variations in inverter frequency about 
its steady state are related to variations in I q q  about its steady 
state by:
d0
2 + '
Ft
dt ' R 1C 1 A62 AKI R j AIDC (4.20)
By comparison with Eqn.(3.14) it can be seen that the gain Kj 
is given by ^y^y, and K2 = so that K2 can be varied by varying
A. This is easily accomplished in practice by varying A| in Fig.(4.3.2). 
Phase lag current feedback works well for small values of Kj.
In practice therefore, R|C is small and so there is little problem
with the amplification of unwanted noise on Vj (Fig.(4.7.I)), in 
contrast' to the situation for derivative velocity feedback. The 
additional capacitor C2 (Fig.(4.7.I)) was used to reduce the amplitude 
of the commutation spikes on I q q , but was chosen so that = 100 rads./
sec. This is about six times the frequency of the dominant transients 
in the experimental TSIM, and so the use of C2 should not greatly 
reduce the effectiveness of this feedback scheme.
The circuit of Fig.(4.7.1) causes V j to be zero when Vj is 
constant. There is therefore no zero set to be altered every time
the TSIM steady state is altered. This feedback is therefore 
convenient 1o use over a range of steady state speeds, and was often 
used to run the experimental TSIM up from zero speed to the speed 
being i nvestigated.
4.6.6 Proportional Current Feedback
To implement Eqn.(3.!5) requires feedback to the inverter 
frequency so that:
A = KD A dIDC (4.2I)
dt d+
It can be seen from Eqn.(4.2I) that the derivative of Iqq must 
be found. This can be found over a restricted frequency range using 
a circuit similar to that of Fig.(4.7.1) with Vj made proportional 
to IDC• However, the noise on the D.C. current (Sec.(4.I.2)) allowed 
determination of this derivative only at relatively low frequencies 
using this circuit,and so no significant experimental evaluation of 
this feedback scheme could be made.
4.7 Numerical Evaluation of TSIM Eigenvalues
The first step in finding these eigenvalues involves solving 
the steady state TSIM Equations (A3.9) and (A3.I0). These were 
solved numerically using an iterative method. The flow chart for 
the program used to do this is given in Fig.(4.8), which illustrates 
the method used to solve the TSIM equations for given values of 
the load angle $, and the slip S.
$ is made up of the internal angles 6 j, ¿2 as specified by 
Eqn. (A3.10). The method used to find a solution is to choose a 
value for 62 so that Eqn.(A3.9) and Eqn.(A3.IO) can be solved for
FIGI1RF 4.8 Flow diagram for program to solve
FOR THE TSIM STEADY STATE
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"this particular value of 62 by linear methods. The results are 
checked with Eqn.(A3.IO) for consistency and if the choice of 62 
gives an inconsistent set of Eqns.(A3.9) and (A3.10), ¿2 's 
incremented in the direction required to give a better so Iu1 ion, 
and the new value of 62 is tested.
Referring to Fig.(4.8), the program first chooses an initial 
value for 62. Then 6 | is calculated in accordance with Eqn.(A3.IO). 
Eqn.(A3.9) is then re-arranged so that it can be solved for either 
sin 62 or cos 62 using a standard Gauss-Jordan reduction method as 
applied to any set of linear algebraic equations46. Small increments 
of 62 change sin 62 more than cos 62, or vice versa, depending on 
the value for 62» The value of 62 therefore determines whether the 
sine or cosine of 62 is found using the Gauss-Jordan reduction. Solving 
for the optimum quantity in this way decreases the number of iterations 
required for an accurate solution.
The value of the sine or cosine of 62 found from the Gauss 
Jordan reduction is then subtracted from that obtained from the value 
for 62 chosen initially, and an error equal to the absolute value of 
this difference is calculated. If this error is sufficiently small,a 
solution to the TSIM steady state equations has been found; otherwise 
62 is incremented in the direction required to reduce the error and 
the process repeated. If the error increases after having been 
decreased in previous steps, it is assumed that the desired solution 
has been overshot, and 62 is then incremented with smaller step 
sizes in the reverse direction.
To summarise: a linear search using variable step size is 
made for a value of ¿2 which gives a consistent solution to the steady
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state Equations (A3.9) and (A3.10).
The error between the value for sine or cosine 62 found from 
the Gauss-Jordan reduction, and the value found from the estimated 
value for 62 > should be as small as possible to achieve the best 
accuracy. In principle this accuracy can be improved at the expense 
of a greater number of iterations,and so more computation time. 
Convergence was so rapid in practice that when this program was 
implemented in the ’’FORTRAN V” language51 on a "UNIVAC 1106” computer 
the error could be reduced to less than one part in 10 without 
excessive computation time. Changes in 62 within this error typically 
produced no changes in the first six significant figures of the TSIM 
steady state currents. A listing of this program is presented in 
App.8.
The values of the steady state torques, found by this method, 
for a TSIM made up of two identical machines,were typically identical 
to within six significant figures with the values found from the 
equivalent circuit approach explained in Reference I.
Once the steady state TSIM currents and voltages are found, 
it is a simple matter to set up the matrices CAj and [Bj and to 
find -[B] * tAD, Eqn.(2.8). [BH was inverted using a standard 
Gauss-Jordan pivotal reduction method1*6, where care was taken to 
ensure that the pivotal elements were as large as possible in order 
to maximise the accuracy. Inaccuracies in finding the inverse can 
be checked during computation by printing a diagnostic whenever 
division by a small number occurs. For ail the ranges of machine 
constant variations presented in Chapter 3, there was no problem in 
accurately finding the inverse of CBU.
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The eigenvalues of -CEG * ^A] were found using the Q.R, 
algorithm60by a program discussed in Re1 erenee 38. Any algorithm 
used to calculate the TSIM eigenvalues must be able both to treat 
badly conditioned matrices and to find complex and repeated 
eigenvalues. The Q.R. algorithm gave good results over the wide 
range of torques, speed and machine constant variations considered 
in this study,without requiring excessive numbers of iterations.
It was found in practice that the total computation time to 
find one steady state solution,and the eigenvalues of the associated 
perturbation equations,was typically much less than one second on 
the "UNI VAC I 106M computer, operating in double precision arithmetic.
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CHAPTER 5 : EXPERIMENTAL RESULTS
5.I Steady State Results
In order to see whether the measured TSIM parameters gave good 
results in predicting steady state quantities, several steady state 
experimental results were found. The curves on Figs.(5.1) to (5.4) 
are the theoretically obtained relationships between torque, direct 
current from the inverter supplying Machine 2 (Iq q ), and the load 
angle ($), plotted at several different slips. These are obtained by 
solving Eqn.(A3.9) as explained in Sec.(4.7). The TSIM considered here 
is described in Sec.(4.1) and the experimentally determined points are 
indicated by the circles on these figures. Positive torque is defined 
as motoring torque developed by the TSIM.
The current given on the theoretically determined curves is the 
value of Iqq which would be supplied to a lossless inverter connected 
to Machine 2, and is calculated as shown by Eqn.(A3.l7). In this Chapter 
this current is defined to be positive when power is flowing from Machine 
2 to the D.C. supply. The comparison of the theoretical and experimental 
values of Iqq is of interest because Iqq is used in one of the feedback 
schemes considered later.
At S = I, both stators were connected directly to the mains and 
no inverter was used (Sec.(4.I.I)). The experimentally determined values 
of Iqq flowing into Machine 2, shown on Fig.(5.1), were therefore 
calculated from the measured power flowing into Machine 2. At all other 
slips the experimental values of Iqq were found by measuring the actual 
current flowing from the inverter into its D.C. supply.
- 5  O -5 
Torque (p .u .)
5.1.1 Torque-current
-•5 O -5
Torque (p .u .) 
5.1.2 Torque-load angle
FIGURE 5.1 Steady state tsim results at S = 1
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FIGURE 5.2 Steady state tsim results at S = .83
5.3.1 Torque-current
Torque (p .u .)
5.3.2 Torque-load angle
FIGURE 5.3 Steady state tsim results at S = .684
176
I 77
Torque (p ,u.)
FIGURE 5.4 Steady state tsim results at S = .6
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The voltage applied to Machine 2 satisfies Eqn.(3 .3) except 
at S = .83. At this slip the voltages supplied to Machines I and 2 
were reduced to 60$ of their rated values. This reduction was 
necessary because of the inability of the inverter to supply rated 
voltage at this slip (Sec.(4.2.2)).
At a I I slips, except at S = I, the steady state measurements were 
made with phase lag current feedback applied (Sec.(5.5.I)). This was 
necessary in order to stabilise the TSIM in its inherently unstable 
regions, but was also used in stable TSIM operating regions because 
it minimised the naturally occurring perturbations in TSIM quantities, 
thus making more accurate measurements possible. At S = I, the TSIM 
shaft is stationary, and the TSIM remained stable for all 
measurements (Sec.(5.3.2)).
$, IDC* and the TSIM torque are all functions of the TSIM phase 
currents and applied voltages, and so the comparison of the experimental 
and theoretical relationships between these quantities provides a good 
test of the accuracy with which all the TSIM quantities are predicted 
by the theory.
At all slips most of the measured values of IDC lie below the 
theoretical curves. This is because, in addition to the value for Iqq 
predicted from Eqn.(A3.l7), extra (negative) current can flow into 
Machine 2 to supply hysterisis and eddy current losses in the TSIM. 
Except at S = I, additional negative current also flows to supply 
energy lost in the TSIM because of the harmonic content of the inverter 
output voltages. Some of the current dependent losses in the inverter 
were taken into account by adding resistance to the stator windings of 
Machine 2 (Sec.(4.2.2)), but most of these losses are not considered
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in Fqn.(A3.9). Despite this however, it can be seen that the 
experimental values of Iqq differ from the theoretical values by a 
small and relatively constant amount over a large torque range at any 
slip.
Some discrepancies between the theoretical and measured results 
occur at large motoring and generating torques. This is to be expected 
because of the changing saturation levels within the TSIM for larger 
currents.
These results show good agreement between the theoretical and 
experimental steady states. Since torque, 0 and Iqq are all combinations 
of the TSIM steady state quantities,these results help justify the 
assumptions made in deriving Eqn.(A3.9) (Sec.(2.2)), and give 
confidence in the accuracy of the theoretical description of the TSIM.
5.2 TSIM Stability Regions
5.2.1 Introduction
Factors affecting the dynamic behaviour of the experimental TSIM, 
which are included in the TSIM perturbation equations when the 
experimental TSIM is analysed theoretically, are:
(1) Damping contributed by the excitation losses of the 
D.C. load motor (Sec.(4.3)).
(2) Damping introduced by the resistance in the D.C. 
load motorfs armature circuit (Sec.(4.3)).
(3) Damping due to friction and windage in the TSIM 
and associated machines (Sec.(4.4)).
(4) Resistive impedance presented by the inverter to 
Machine 2 (Sec.(4.2.2)).
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In addition, because of the limitations of the inverter, it was 
not possible to maintain rated flux in the TSIM over its complete 
speed range, and this is taken into account in the theoretical 
analysis of the experimental TSIM. As discussed in Sec.(4.2.2), the 
TSIM flux levels were reduced to 100% at S = 0.7 and S = 0.3, to 
40$ at S = 0 and S = I. In addition, slips between 0.4 and 0.6 were 
not examined (Sec.(4.2.2)) . At S = I the performance of the TSIM could 
be examined at rated flux levels without using the inverter, as 
discussed in Sec.(4.1.1).
5.2.2 StabiIi ty Regions
Investigation of the stability regions of the experimental TSIM 
was severely limited by fhe current carrying capacity of the inverter. 
This was because there were continuous oscillations in the TSIM 
currents when the TSIM was run at a given slip and applied torque 
near the theoretical stability boundaries. Near these boundaries the 
natural response of the TSIM is very underdamped. These oscillations 
could therefore have been caused by the variations in external 
conditions which were being continually applied to the TSIM during 
normal running. For example, small variations in torque occur, 
caused by the vibration of the chain drives. The oscillations may also 
have been the result of limit cycle operation characteristic of some 
non— I¡near systems55. These osci Ilations increased in amp I itude as the 
theoretical boundaries were approached from their stable side, unti I 
they were sufficiently large to exceed the TSIM’s current rating and 
to operate the inverter fuses.
It was not possible, therefore, to distinguish between speeds 
for which the TSIM was in a very underdamped but stable region where 
naturally occurring perturbations could cause large currents to flow, 
and speeds where the currents may have been observed to increase in 
amplitude with time if the inverter had had a larger current rating.
This problem also limited investigation of the TSIM stability regions 
as a function of torque, because for non-zero torques larger steady 
state currents flow, and so the oscillations in current about these 
steady states, which are permitted by the inverter, are even further 
limited at these torques.
Examination of the stability regions was also made by running 
the TSIM with phase lag current feedback applied (Sec.(5.5.I)). The 
TSIM was run in an unstable region using this feedback and the feedback 
was then removed. In this way,regions in which the amplitude of the 
TSIM currents increased with time until they exceeded the rated TSIM 
currents, and operated the inverter fuses, could be found.
The regions of stability predicted by the eigenvalue analysis 
for the experimental TSIM are very similar to those given in Fig.(3.3). 
The boundaries AB and DE (Fig.(3.3)) for the experimental TSIM at 
zero torque are at 5 - .70 and at S = .29 respectively, and show little 
dependence on torque. The stability region C could not be investigated 
experimentally because slips near 0.5 could not be examined (Sec. (5.2. I )).
The experimental TSIM operated stably without feedback at zero 
torque at a I I slips between 0.6 and 0.69. As the slip was increased 
towards 0.69,the amplitude of the oscillations in the TSIM current 
became larger until, at slips near 0.69, this amplitude exceeded
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the TSIM current rating and overloaded the inverter. This effect 
showed no dependence on the torque for the range of torques 
between I p.u. and -.5 p.u. which could be investigated.
At large slips, when the TSIM was run at significantly reduced 
flux levels (Sec.(5.2.I)), oscillations in current built up very 
gradually in amplitude at any torque, and unstable operation at these 
slips could be observed by using current feedback to stabilise the 
TSIM, and then removing the feedback as discussed above. For example, 
this is shown in Fig.(5.5.1) at zero torque at a slip of 0.83. This 
figure shows oscillations in Iqc and in the TSIM speed increasing in 
amplitude with time after the feedback is removed at time t = 0 secs.
At t = 18.8 secs, the oscillations become sufficiently large to cause 
the inverter fuses to operate. Iq q then falls to zero, and the speed 
drifts about the original steady state speed of the TSIM (255 r.p.m.) 
under the influence of the D.C. load motor, which is supplying a small 
torque to overcome excitation and frictional losses. The relatively 
high frequency oscillations in the speed waveform are caused by spurious 
noise from the tachometer (Sec.(4.I.2)).
Eigenvalue 4, calculated for the experimental TSIM at the reduced 
flux conditions and the slip and torque of Fig.(5.5.1), was found to 
be .08 ± j 13.7. This gives a theoretical time constant of 12.5 secs., 
and a frequency of 13.7 rads./sec. A time constant for the experimental ly 
observed instability cannot be estimated from Fig.(5.5.I), although it 
can be seen from this figure that the osci I I at ions in current and speed 
do increase in amplitude over a period of several seconds. The frequency 
of these oscillations is only 8.5 rads./sec. however. This
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discrepancy is probably due to the interaction of the TSIM with its 
D.C. supply. During these oscillations it was observed that the voltag 
of this supply osciIlated as I q q  osci Ilated. These osciI lations were 
not in phase with Iqq and so could not be taken into account in the 
TSIM small perturbation equations considered here (Sec.(4.2.3)).
It was also found experimentally that at some negative torques 
at slips between 0.6 and 0.69, where the theory predicts stable 
operation, the TSIM would not run stably. This is shown, for example, 
for the slip of 0.6 in Fig.(5.5.2). This figure shows oscillations 
in Iqq and shaft speed increasing in amplitude with time until the 
inverter fuses operate, Iqq drops to zero, and the TSIM speed increases 
rapidly because of the torque applied by the D.C. load motor. The 
relatively high frequencies in the speed waveform are caused by 
spurious noise from the tachometer (Sec.(4.I.2)).
This discrepancy between the theoretical and experimental 
results for this instability is expected to be caused by interaction 
of the TSIM with the D.C. supply to the inverter. The frequency of 
these osci Ilafions is about half that predicted theoretically, whereas 
at other steady state torques at these slips the response frequencies 
were close to those predicted theoretically (Sec.(5.3)). During these 
oscillations the voltage of the D.C. supply to the inverter was 
undergoing large amp Iitude osci Ilations (typically of the order of 
±10$ of the applied voltage), which were not in phase with I q q , and so 
could not be taken into account in the theory (Sec.(4.2.3)).
At slips less than 0.5 at zero torque,it was found that the TSIM 
could be operated without feedback at slips between 0 and 0.25. At 
slips near 0 very little torque can be developed by the TSIM, and the
TSIM may easily lose synchronism if the D.C. machine does not provide 
torque very closely equal to that required to overcome the losses at 
these slips.
As the slip was varied from 0 to 0.25,the steady state 
oscillations in the TSIM currents increased in amplitude, and at 
the slips between 0.5 and 0.25 which could be investigated,the TSIM 
could not be run for any significant length of time without feedback. 
This was because the large currents which flowed as soon as the feedback 
was removed caused rapid operation of the inverter fuses. The theory 
predicts unstable operation at the slips between 0.5 and 0.29 which 
were investigated experimentally, and so for ail slips in this region 
the amplitude of oscillations in the TSIM currents exceeded their 
rated vaIues.
At S “ I, where the TSIM was operated with no inverter and at 
rated flux (Sec.(5 .2 .I)), it was found that all torque steps, within, 
the capacity of the D.C. load motor (±2 p.u.), applied to the TSIM 
caused oscillations in the TSIM speed and currents which decayed to 
zero with time. This is in accordance with the theory of Sec. (5.8), 
and is discussed further in Sec.(5.3).
5.2.3 Cone I us i on
From the limited investigation of the stability regions of the 
experimental TSIM which it was possible to carry out, it has been 
shown that as the theoretical stability boundaries are approached from 
their stable side, osci I lafions in the currents of the TSIM at a given 
slip and torque become larger. At a Il slips, at any torque which 
could be investigated within the theoretically unstable areas, the 
TSIM would not operate without feedback because these oscillations were
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large enough to cause the TSIM currents to exceed their rated values 
and to operate the jnverter fuses. This is a qualitative indication 
of the existence of stability boundaries near their theoretical 
posi tions.
Even though exponentially increasing oscillations in the TSIM 
quantities could not be demonstrated experimentally, the presence 
of the large current oscillations which were observed in the 
theoretically unstable regions prevents practical use of the TSIM 
in such regions. Therefore, for the regions which could be 
investigated, it has been shown that the theory predicts with 
reasonable accuracy the areas in which the experimental TSIM could 
not be operated successfully without feedback.
Discrepancies between the theoretical and experimental results 
occur in some regions, but in obtaining these results there were 
considerable variations in the supply voltages which were not taken 
into account in the TSIM equations.
The experimental TSIM was found to operate stably at S = I.
This agrees with the theoretical predictions of stability at this 
slip.
5.3 TSIM Dynamic Response Without feedback
5.3.1 Introduction
In this section the response of the experimental TSIM to 
torque steps at slips from 0.69 to 0.6, and at zero speed when S - I, 
is considered. Torque steps were applied to the TSIM by opening and 
closing the armature circuit of the D.C. load motor, as discussed
in Sec.(4.3).
1 he eigenvalues presented in this section were computed for 
the experimental TSIM as discussed in Sec.(5.2.1). The eigenvalues 
for this TSIM show no significant differences in their trends, over 
the range of torques and speeds considered here, from those discussed 
in Chapter 3. In particular, for slips between 0.6 and 0.69, the 
theory predicts that the damping increases and the frequency decreases 
with decreasing slip, as indicated by the curves of Fig.(3.4).
The eigenvalues considered in this section are calculated with 
and without resistance in the D.C. supply (Sec.(4.2.3)). Since the 
frequencies of the oscillations of the TSIM are near 18 rads./sec. 
for the transients considered in this section, the approximation of 
the impedance of the D.C. supply by a resistance (Rqq = 0.2 p.u.) is 
expected to provide an indication of the effect of this supply on the 
TSIM response.
5.3.2 Dynamic Response of the Experimental TSIM
In Fig.(5.6) experimental curves are shown which give the 
variations of Iq q and shaft speed with time when a step in torque is 
applied to the TSIM at S = .684. These were both plotted at the 
same time on a 2-pen recorder as discussed in Sec.(4.1.2). Because of 
the filtering required to reduce the noise on the signals for Iqq and 
the speed (Sec.(4 .1 .2)), the amp Ii tudes of these osc iI I at ions will be 
attenuated to some extent. The high frequencies evident on the speed 
signals are spurious once per revolution noise from the tachometer used
to monitor the speed (Sec.(4.I.2)).
For small perturbations, Iqq is a linear function of the currents 
and voltages of Machine 2,and so for small perturbations about a steady 
state it has the same dominant frequency and damping as any other TSIM
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F ig u re  5.6 TSIM response to torque s te p s  with
NO FEEDBACK AT S=. 68^
quantity. ip^ is defined 1 o be positive for current flowing out of 
the inverter into 1 he D.C. supply, and positive torque is defined as 
motoring torque developed by the TSIM.
All the responses iI Iustrated on Fig.(5.6) show many oscillations 
before a final steady state is obtained. The rate of decay of these 
oscillations is not sufficiently close to exponential to allow an 
estimate of the TSIM damping to be made, although the decay 
envelopes for the minima of the transient currents can be seen from 
Fig.(5.6) to be approximately exponential in shape.
The initial positive going peaks of Iqq on Fig.(5.6) are markedly 
smaller than the initial negative going peaks, even for negative 
torque steps. For positive Iq q , power is transferred to the D.C. 
supply from Machine 2. The power available for this transfer is equal 
to the power transferred across the airgap minus the mainly resistive 
power lost in Stator 2. This resistive power is proportional to the 
square of the phase currents. It is therefore not surprising that this 
non-linearity reduces the peaks in positive Iqq compared with the peaks 
in negative IDC, particularly at the initial stages of a transient 
when large phase currents flow.
The eigenvalues obtained from the TSIM small perturbation equations, 
corresponding to the initital and final steady states of the torque 
steps illustrated in Fig.(5.6), are presented in Table (5.1).
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Torque (p.u.) Rpc (p.u.) Eigenvalue 4
Exper imenta 1 
Frequency 
(rads./sec. )
-.32 0 -.095 ± j 19.7 -
-.32 .2 -.13 ± j 12.9 -
.083 0 -.022 ± j 20
17-18
.083 .2 .114 ± j 17
.51 0 -.26 ± j 21
20
.51 .2 -.052 ± j 19
TABLE 5.1 Eigenvalues at the Steady States 
of Fi g .5.6 .
Comparison of the measured frequencies with the imaginary 
parts of Eigenvalue 4, as shown in Table (5.1), shows that reasonable 
agreement between the theoretical and experimental frequencies is 
obtained. The measured frequencies at the torque of .083 p.u. showed 
a small variation with amplitude, but were confined to the range shown 
i n Tab le (5.1).
The transients at T = .083 p.u. on Figs.(5.6.1) and (5.6.2) 
decay relatively rapidly initially, but exhibit stable oscillations 
in the steady state. The damping of the experimental TSIM at this 
torque is therefore very small, but oscillations do not build up 
exponentially as predicted by the eigenvalue for Rqq = 0.2 p.u. at 
this torque. As indicated by the other eigenvalues at Rqc = 0.2 p.u. 
in Table (5.1) however, the TSIM is stable at torques either side of 
this torque, and so during oscillations about this torque the TSIM
moves through stable regions. Oscillations could therefore build 
up to some constant value, where the average damping over a complete 
cycle is zero, to give the stable oscillatory behaviour observed 
here.
The oscillations in Iq q , and in the speed, in the initial and 
final steady states of Fig.(5.6), are smaller at the torques of .51 p.u. 
and “ .32 p.u. than at the torque of .083 p.u. This is a qualitative 
indication that the damping increases as the torque varies from near 
zero. This trend is also predicted by the eigenvalues of Table (5.1).
The nature of the TSIM response to torque steps in the stable 
operating range at any slip,in the range of slips from .69 to .6ywas 
very similar to fhat shown on Fig.(5.6). The frequency of the transient 
decreased for decreasing slips in this range, as predicted by the 
theory, and was always reasonably close to its theoretical values.
The measured value of the oscillations at zero torque at S = .6 for 
example, was 14 rads./sec. This compares with the theoretical values 
of 13 rads./sec. for Rqq = 0, and 12 rads./sec. for RdC = .2 p.u.
It was also found that the amplitude of the steady state 
oscillations in speed, and in Ipc* diminished as the slip was decreased 
from 0.69. This is a qualitative indication that the damping of the 
TSIM tends to increase as the slip decreases, in accordance with the 
theoretical trends illustrated in Fig.(3.4).
The response of the TSIM to torque steps about zero speed (S = I) 
is illustrated on Fig.(5.7). At S = I, both TSIM stators are 
connected to the mains and so there is no inverter and no Iqq at this 
slip (Sec.(4.1.1)). The load angle $ was measured instead, using an 
ultraviolet recorder, as discussed in Sec.(4.5). No satisfactory
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FIGURE 5.7 TSIM response to a torque step  from 
-1 p.u. to 0 p.u. at S = 1
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method of reproducing ultraviolet recordings was found, and Fig.(5.7) 
is a tracing from the aclual recorder out pul.
I’osifive or negative steps in torque of any si/o within the 
rating of the load motor (±2 p.u.) gave very similar response to those 
shown on this figure.
Fig.(5.7) shows that there is sufficient damping at zero speed 
to stabilise the TSIM at S = I, and that the response remains . 
underdamped. The frequency of the unstable response, predicted 
theoretically for the experimental TSIM with no coulomb friction, or 
stiction, at zero speed is 24 rads./sec.,compared with the experimentally 
measured value of 22 rads./sec. The value of the stiction for the 
experimental TSIM af zero speed was found to be .05 p.u.
5.3.3 Variation of Dynamic Response with Design Constant Changes
The effect on the TSIM’s response of adding resistance to its 
stator and rotor circuits was examined experimentally. No quantitative 
measurements of the damping changes caused by these additions could be 
made (for the same reasons as those discussed in Sec.(5.3.2)), but 
changes in the response frequencies could be measured accurately.
It was found that the addition of resistance in any of these 
circuits caused a decrease in the response frequency of the 
experimental TSIM. For example, this is shown at the slip of .684 
in Fig.(5.8) for the addition of resistance into the stator of 
Machine 2. The response to the same torque step at two different 
stator resistances is plotted, and it was found that the addition of 
resistance decreases the frequency of the experimental TSIM from .
18 rads./sec. (Fig.(5.8.I)) to 16 rads./sec. (Fig.(5.8.2)). The 
frequency change predicted by the eigenvalue analysis for the resistance
I
Figure 5.8 Effect of stator 2 resistance c h a n g e s  o n
TSIM RESPONSE WITHOUT FEEDBACK TO A TORQUE
STEP OF -.25 P.U, TO ,083 P.U, AT $=,684,
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change of Tig.(5.8) is from 20 to 16 rads./sec. with zero resistance 
in 1 he D.C. supply, and from 17 to 16 rads./sec. for ~ .2 p.u.
If the resistance in the Stator 2 circuit was increased much beyond 
.08 p.u. at this slip, the TSIM became osci I Iatori !y unstable at a 
frequency of about 8 rads./sec., which is approximately half the 
value predicted theoretically. During these unstable oscillations, 
large variations in the D.C. supply voltage occurred (about ±10/ af the 
steady state value), which were not in phase with Igg.
Similar effects occurred with Stator I and rotor resistance 
increases. The theoretical and experimental frequencies both decreased 
as resistance was added, until the experimental frequency decreased to 
about 16 rads./sec. Further resistance increases caused the TSIM to 
become osci I Iatori Iy unstable at frequencies of about 8 rads./sec. 
and large oscillations of the D.C. supply voltage occurred. These 
oscillations are not accounted for in the TSIM equations (Sec . (4.3.2)).
5.3.4 Cone I us i on
The material in Sec.(5.3.2) shows that the theory correctly 
predicts the basically underdamped nature of the response of the 
experimental TSIM. In the stable operating areas of the experimental 
TSIM which could' be investigated, it is qualitatively estimated that 
the trends in damping with speed and torque are also correctly 
predicted by the theory. In addition, in these areas, the trends in 
the frequency variation of the experimental TSIM with both speed and 
torque agree with those found theoretically. Discrepancies between 
theory and practice occurred when there were large osci Ilations in the 
supply voltage magnitude to Machine 2 which were not accounted for in 
the theory.
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For the range of resistance variation in the stators and rotor 
of the TSIM which could be accomplished without causing large 
oscillations in the D.C. supply voltage, the theory correctly 
predicted the trends found in the changes of the response frequency 
of the experimental TSIM (Sec.(5.3.3)).
The eigenvalue analysis of small perturbations of the TSIM has 
therefore given results useful in determining the TSIM response for 
several practical torque steps in the range of slips which could be 
examined experimentally.
The TSIM was stable at S = I, as was expected from the analysis 
of Sec.(3.8). The frequency of the underdamped response of the 
experimental TSIM at this slip was a little less than that predicted 
theoretically for the TSIM operating with zero stiction.
5.4 TSIM Dynamic Response with Velocity Feedback
5.4.1 Phase Lag Velocity Feedback
A theoretical discussion of phase lag velocity feedback is 
given in Sec.(3.9.1) in terms of the gains K| and «2. The experimental 
TSIM differs from the TSIM considered in Sec.(3.9.1) because of the 
factors listed in Sec.(5.2.1). However, it was found that the effects 
of phase lag velocity feedback on the eigenvalues of the experimental 
. TSIM were not substantially different from the effects discussed in 
Sec.(3.9.1). The experimentaI implementation of this feedback is 
described in Sec.(4.6.2).
The effect of this form of feedback on the response of IDC and 
the TSIM speed is shown for various positive and negative torque steps, 
and various gains Kj, K2, at the slips of .684 and .83 on Figs.(5.9) to 
(5.11). By comparison with the curves on Fig.(3.27), it can be seen that
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(2) T(p,u.)= .079 to -.11
FfGIIRF 5.10 Torque steps at S=.83 with phase lag 
velo city feedback : Ki =10, l<2=16,5
Id
c 
(a
m
ps
) 
Sp
ee
d
 
(r
.p
.m
.)
 
Id
c 
(a
m
ps
) 
Sp
ee
d
 
(r
.p
.m
.
I 9 °
5*1 1-2
FIGURE 5.11 To r q u e  s t e p s  a t  S = ,684 w i t h
PHASE LAG VELOCITY FEEDBACK:
Kx = 4,63, K2 = 9,4 
T(p.u.) = .083 to  .64 to ,083 
T(p,u.) = -.26 to ,083 to -.26
5 .1 1 .1
5.1L2
200
the experimental values for K| and K2 are close +0 the values which 
are predicted by the theory to cause an increase in the TSIM damping, 
and an elimination of its instability at large slips.
Consideration of the implementation of this feedback (Sec.(4.6.2)) 
shows that changes in velocity produce a finite signal to be fed to the 
oscillator controlling the inverter frequency, and that this feedback 
cannot force this signal to zero. Consequently, the TSIM speed is 
no longer precisely set by the oscillator frequency, but tends to 
drift about the nominal steady state values of 474 r.p.m. at S = .684, 
and 255 r.p.m. at S = .83, as shown on Figs.(5.9) to (5.11).
The unstable region of the experimental TSIM at large slips is 
stabilised by the use of this feedback scheme, as illustrated by the 
torque steps applied at the slip of 0.83 shown in Fig.(5.10). The 
underdamped nature of the TSIM response is also much reduced, as can 
be seen from comparing the transients in Figs.(5.6) and (5.9). Both 
these results are predicted by the theory (Sec.(3.9.I)). In addition, 
the instability at negative torques, discussed in Sec.(5.2.2) and 
illustrated in Fig. (5.5.2), is eliminated by this feedback scheme.
As discussed in Sec.(3.9.1), if f<2 is increased sufficiently, 
Eigenvalue 4 is moved well into the L.H.P. and Eigenvalue 5 moves 
towards the R.H.P. The response should therefore be strongly 
governed by this eigenvalue if K2 is large enough, and the response 
shape should therefore become more overdamped, as iI lustrated in 
App.9. The value of Eigenvalue 5 is sensitive to the precise value 
of K2 however, and if K2 is too large (K2 x 2K|), the eigenvalue on 
the real axis moves into the R.H.P. These conclusions were found to 
apply also to the eigenvalues of the experimental TSIM.
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The effect of large «2 on the experimental response is shown in 
Fig.(5. II), where f<2 = 2.03 K|. Positive going torque steps show 
very little overshoot of Iqq before Iqq achieves its steady state, 
but negative going torque steps still show overshoot and some 
osci I Iations.
This variation in the TSIM response can only be achieved at the 
expense of low frequency oscillations in velocity, as illustrated on 
Fig.(5. II). Any further increase in «2 resulted in these oscillations 
increasing in amplitude with time,thus making the TSIM unstable.
This type of low frequency instability was found to be the 
typical result of too large a value for l<2 ,for all the phase lag 
velocity feedback schemes considered. For the values of K| = 10 and 
K| = 4.63,which were considered experimentally, it was found, at all 
the slips and torques which could be examined, that this instability 
occurred for values of «2/K| between 1.8 and 2.1. These experimental 
values therefore agree reasonably well with the theoretical predictions 
of instability when K2/K| is greater than 2 (Sec.(3.9.I)).
The instability predicted by the theory for phase lag velocity 
feedback is of an exponentially increasing non-osciIlatory nature 
(Sec.(3.9.I)), whereas in practice this instability was evidenced 
in low frequency osciI I at ions increasing in amplitude with time. The 
precise values of the eigenvalues depend on the gain of the amplifiers 
used to implement this feedback scheme, as well as on the TSIM 
operating point and on the TSIM parameters. Small changes in any or 
all of these make it possible therefore, that when the TSIM is operating 
near an unstable point it may move into and out of an unstable region 
during a transient. This could cause instability to build up as
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observed experimentally, rather than in the non-osci I Iatory fashion 
predicted by the theory.
To obtain an overdamped response from the TSIM using this 
feedback, Eigenvalue 5 must be placed close to the real a x i s  
compared with Eigenvalue 4. As discussed above, this is accompanied 
in practice by low frequency oscillations or instability. The 
transients of Fig.(5.11) illustrate this and they also show, by 
comparison with Figs.(A4) and (A5), that the TSIM response resembles 
the theoretical response of a TSIM with a dominant eigenvalue on the 
real axis.
5.4.2 Proportional Velocity Feedback
The theory of this feedback scheme is given in Sec.(3.9.2), 
and the gain of this control scheme is Kp. Its implementation is 
discussed in Sec.(4.6.3).
Experimentally determined responses of Iqq and the TSIM speed, 
for various torque steps at S - .684 for Kp = 1.8, are shown on 
Fig.(5.12). The instability of the experimental TSIM at slips between 
I and .70 can be eliminated by this feedback, as is illustrated by 
the torque steps at S = .83 in Fig.(5.13).
Consideration of the implementation of proportional velocity 
feedback (Sec.(4.6.3)) shows that any change in the steady state speed 
causes a finite signal to be applied to the oscillator supplying the 
inverter, and that this feedback cannot reduce this signal to zero.
This results in drift of the TSIM speed about its steady state speed, 
as can be seen from an examination of Figs.(5.12) and (5.13).
The noise on the tachometer signal did not affect the operation 
of the phase lag velocity feedback, but proportional velocity feedback
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5.13.2 T(p.u.) = .079 to -.076 to ,079
pTOIIRF 5.13 Torque s t e p s  at  S = .83 w i t h
PROPORTIONAL VELOCITY FEEDBACK:
Kp = 1.95
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is not as immune to the once per revolution noise on the tachometer.
This is illustrated by the high frequency oscillations on the current 
signals on Figs.(5.12) and (5.13). It can be seen that the frequency 
of these oscillations equals that of the noise on the associated 
speed signals. The fluctuations of the inverter phase currents , 
caused by this noise,were sufficiently large to cause operation of the 
inverter fuses at larger negative torques. This prevented investigation 
of the effect of this feedback on the instability at negative torques 
discussed in Sec.(5.2.2).
It was found experimentally that increasing the gain Kp caused 
faster decay of transients (and so more damping) and decreased the 
frequency of the osciIlatory response to torque steps. If the 
value of Kp was made sufficiently large, instability occurred. This 
instabiIity consisted of low frequency oscillations of speed and 
current increasing in amplitude with time. The value of Kp at which 
this occurred varied slightly at different slips, and at a given 
slip was independent of torque; but values of Kp which caused 
instability were invariably greater than 1.8 and less than 2.0, for 
the range of slips from I to 0.6. The values of Kp in Figs.(5.12) 
and (5.13) were the largest which could be used at these slips 
without causing instabiIity,and no other values produced faster decay 
of transients.
It was found that the effects of proportional feedback on 
the eigenvalues of the experimental TSIM were similar to those 
discussed in Sec.(3.9.2). In particular, a large enough value for 
Kp forces Eigenvalue 4 onto the real axis at slips greater than 0.5, 
indicating an overdamped response. One branch of Eigenvalue 4
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moves towards the origin as Kp is increased, and when Kp is greater 
than 2 one branch of Eigenvalue 4 is zero. No value of Kp moves it 
to the R.H.P. In addition, small changes in Kp cause large changes 
in ct4 when Kp is close to 2, as discussed in Sec. (3.9.2).
This region of zero damping, predicted by the theory, is 
found to correspond closely to low frequency instability observed 
in practice. The sensitivity of Eigenvalue 4 to the precise value 
of Kp in this region could account for the oscillatory nature of 
this instability. The values of Kp which caused unstable operation 
of the experimental TSIM (between 1.8 and 2.0) are close to the 
values of Kp (= 2) which theoretically cause zero damping (Sec.(3.9.2)).
A comparison of the times for the decay of the transients in 
lDC*anc* *n speed,in Figs.(5.6) and (5.12) illustrates how the TSIM 
damping is considerably increased by using this feedback. This is 
also predicted by the theory (Sec.(3.9.2)).
5.4.3 Derivative Velocity Feedback
The theory of this feedback scheme is given in Sec.(3.9.3), 
and the gain of this control scheme is Kp. Ideal derivative 
feedback cannot be implemented however, because of the effect of the 
noise on the tachometer signal. The effect of the experimental 
implementation of this control scheme is only approximated by the 
values of Kp given in Figs.(5.14) and (5.15). This is discussed 
further in Sec.(4.6.4).
The effects of various torque steps at the slips of .684 and .83 
are illustrated on Figs.(5.14) and (5.15). It is seen that the noisy 
tachometer signal introduces considerable speed dependent spurious 
noise on the Ipp waveforms. Similar variations occur on the phase
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currents of Machine 2 and seriously limit the rangeof torques the TSIM 
can supply. This is because these variations are sufficient to cause 
the inverter fuses to operate if the torque is too large.
The torque steps at S = .83, shown in Fig. (5.15),are examples 
to illustrate that this feedback stabilised the experimental TSIM in 
its unstable operating regions at large slips. Investigation of the 
effect of this feedback on the instability at negative torques,discussed 
in Sec.(5.2.2),was not possible because the noise from the tachometer 
prevented the inverter from operating at these torques.
The noise on Iqq prevents any conclusions being drawn from 
Figs.(5.14) and (5.15) about the frequency of the oscillations in Iqq 
caused by a torque step. The speed transients decay very quickly 
however, indicating that considerable damping is introduced by this 
control scheme.
Examination of the speed signals in Figs.(5.14) and (5.15) shows 
that the low gain of derivative feedback at low frequencies (Sec.(4.6.4)) 
removes the drifts in TSIM speed which were characteristic of the phase 
lag and proportional velocity feedback schemes.
An eigenvalue analysis of the effect of this feedback scheme on 
the experimental TSIM showed that this feedback produces very similar 
trends to those discussed in Sec.(3.9.3). The only major difference 
indicated by the analysis is that when the experimental TSIM is 
operated at reduced flux levels at large slips (Sec.(4.2.2)), the gain 
Kp required to cause a given damping increase is much larger than the 
gain necessary to cause the same damping increase at rated flux. At 
the slip of 0.83 at zero torque for example, a value of Kq = -.05 gives
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a 4 = -6.6 at rated flux, whereas at 60^ of rated flux, for which 
the curves of Fig. (5.15) were obtained, Kq = -.15 when <24 = -6.6 .
At rated flux at the slip of 0.684, for which Fig.(5.14) is obtained, 
a value of Kq = - . 1  theoretically causes a large increase in the 
damping of the experimental TSIM, as well as for the TSIM discussed 
i n Sec.(3.9.3).
The values of Kq used experimentally are therefore of the same 
order as those which were found theoretically to cause considerable 
damping improvement. The experimental finding that the unstable areas 
of operation of the TSIM are eliminated by this feedback in the 
regions which could be investigated, is also correctly predicted by 
the theory.
5.4.4 Comparison of the Velocity Feedback Schemes
The curves for Iqq and for the speed for all the experimental 
results were identically filtered (Sec.(4.1.2)),and so a direct 
comparison can be made at a given slip of the noise introduced to Iqq 
by the different feedback methods. This comparison of the current 
waveforms considered in Secs.(5.4.1) to (5.4.3) shows that derivative 
feedback introduces far more noise than either of the other feedback 
schemes. It can also be seen that the inherent low pass filtering of 
the phase lag velocity feedback scheme (Sec.(4.6.2)) prevented 
undesirable noise from the tachometer interfering with the operation 
of the TSIM. To obtain the best use of the proportional and 
derivative feedback schemes, either more sophisticated filtering or a 
less noisy method of speed measurement is required.
The proportional and phase lag velocity feedback schemes allow 
the speed to drift about its nominal value. If constant velocity
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operation is required, extra circuitry would be needed. The derivative 
feedback scheme however, inherently minimises drifts in the steadv 
state speed.
A comparison of the speed transients of Figs.(5 . I 2.2) and (5.14.2) 
illustrates that, for similar torque steps at the same slip, derivative 
feedback gives a much faster decay of speed transients than proportional 
velocity feedback. Similar comparisons of Figs.(5.13) and (5.15) also 
show this. The proportional feedback schemes used here had their 
gains set at the values which caused the fastest decay of transients 
possible with this feedback, and so the theoretical prediction of 
Sec.(3.9.4) (which was found to apply also to the experimental TSIM), 
that derivative velocity feedback can cause a much greater reduction ̂ A
in the TSIM damping than proportional velocity feedback, agrees with 
the experimental results.
Comparison of Figs.(5.9) and (5.14) and Figs.(5.10 and (5.15) 
shows that the derivative and phase lag feedback schemes give about 
the same times for the decay of speed transients. Theoretically, 
derivative feedback should be able to introduce greater damping 
than phase lag feedback, but the experimentaI implementation of 
derivative feedback only produces a true derivative over a restricted 
frequency range (Sec.(4.6.4))fand so would not be expected to be as 
effective in practice as the theory predicts.
For all the velocity feedback schemes considered above, the 
same gains were used for all torques at a given slip. In addition, 
comparison of the feedback gains for the phase lag and proportional 
feedback schemes at different slips shows that considerable improvement 
in damping could be obtained at different slips using similar gains.
This is in accord with the theory (Sec.(3 .9.4)),and simplifies 
practical TSIM operation because there is no need to change fhe 
gains as the TSIM operating points change.
5.4.5 Cone I us ion
The small perturbation theory correctly predicted the following 
resuIts:
(1) The elimination of the instability and the increase in 
damping of the experimental TSIM which resulted from all 
the velocity feedback schemes considered (Secs.(5.4.I) to 
(5.4.3)).
(2) The values of the gains for the velocity feedback 
schemes which produced substantial increases in the 
damping and the elimination of the regions of instability 
of the experimental TSIM (Secs.(5.4.I) to (5.4.3)).
(3) The ability of the derivative and phase lag 
velocity feedback schemes to produce greater damping 
than proportional velocity feedback (Sec.(5.4.4)).
(4) The fact that a considerable increase in damping over 
a wide slip and torque range could be obtained without 
substantial variations in the gains of the feedback 
schemes (Sec.(5 .4.4)).
In addition, the values for the gains which theoretically produce 
instability (with phase lag velocity feedback), or zero damping (with 
proportional velocity feedback), were close to the values which produced 
instability in the experimental TSIM (Secs.(5.4.I) and (5.4.2)).
Therefore, for the range of torques and slips which could be 
investigated experimentally, it has been shown that the eigenvalue
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analysis of the velocity feedback schemes gives accurate intormafion 
which can be successfully applied in predicting the dynamic behaviour 
of the experimental TSIM.
5.5 TSIM Dynamic Response with Current Feedback
5.5.1 Phase Lag Current Feedback
The theory for this feedback scheme is given in Sec.(3.9.5) and 
the circuit for its experimental implementation is given in Sec.(4.6.5) 
An eigenvalue study of the experimental TSIM, with its associated 
equipment and supplies taken into account as detailed in Sec.(5.2.1), 
showed that the theoretical effect of this feedback on the experimental 
TSIM is very similar to that outlined in Sec.(3.9.5).
Fig.(5.16) shows the effect of this feedback, with gains K| = I 
and «2 = 2.88, on positive and negative torque steps at the slip of 
0.83. These responses are typical of the responses of the experimental 
TSIM, using this feedback scheme, to torque steps at a I I the slips from 
I to 0.6 which could be examined experimentally. This feedback 
stabilised the unstable operating region of the experimental TSIM at 
large slips, and all the instability at negative torques discussed in 
Sec.(5.2.2). It also reduced all the steady state perturbations of 
current and speed to negligible proportions, and so this feedback 
was used to obtain the steady state results given in Sec.(5.1).
It can be seen from Fig.(5.16) that the underdamped nature of 
the TSIM response is altered considerably by this feedback, so that 
it becomes more nearly overdamped. This is experimental verification 
of the theoretical fact that this feedback can move Eigenvalue 4 far 
into the left of the'complex plane, thus causing the TSIM response to 
be dominated by Eigenvalue 5 on the real axis (Sec.(3.9.5)).
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For the control schemes of Figs. (5.16) find (5.17.1), K| r I end 
so Eigenvalue 5 should be at -I on the real axis, giving a dominant 
time constant of one second. If the decay of the speed from its 
extreme to its final values on these figures is examined, it is 
found that this decay is exponential with a time constant very close to 
one second. The filtering of the speed waveform (Sec.(4.I.2)) does 
not introduce significant inaccuracies in this measurement, and so 
these figures show how the fifth eigenvalue can dominate the response 
over a wide slip and torque range, as predicted theoretically.
Fig.(5.17) illustrates the effect on the TSIM response of 
changing K| whilst keeping K2 constant. Fig.(5.17.I) is the response 
to two torque steps at S = .684, with the same control scheme 
considered in Fig.(5.16). Fig.(5.17.2) is the response to slightly 
larger torque steps, but with K| increased from I to 2.3. Theoretically 
this should lead to a faster decay of transients (approx. I/K| secs.) 
but a more oscillatory response, because the real parts of Eigenvalues 
4 and 5 are closer together if Kj is increased with K2 constant 
(Sec.(3.9.5)).
The speed transients in Fig.(5.17.2) decay to zero in less than 
half the time of the corresponding transients in Fig.(5.17.1), even 
though the torque steps of Fig.(5.17.2) are slightly larger than those 
of Fig.(5.17.I). This agrees with what would be expected from the 
theory, because K ( for Fig.(5.17.2) is more than twice the value of 
K| in Fig.(5.17.I). In addition, the speed transient for the negative 
torque step of Fig.(5.17.2) shows an oscillatory component in its 
decay which is not shown in Fig.(5.17.1), thus showing the expected
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LAG CURRENT FEEDBACK SCHEMES AT S = .684
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greater of fed that l. Igonvaluo 4 has on the I SIM transionls when the 
control scheme of Fig.(5.17.2) is used. The effect of varying K| 
with i<2 constant was found to be similar at all slips, and the decay 
times could be reduced to about .3 secs. (K| 4 3) before the 
response became sufficiently oscillatory that any further reduction 
of K| caused no further decrease of the decay times.
A comparison of Figs.(5.1 8.I) and (5.16.1) for S = .83, and 
Figs.(5.18.2) and (5.17.1) for S = .684, illustrates the effect on 
the TSIM response of changing the gain f<2 whilst keeping Kj constant.
It was shown in Sec.(3.9.5) that, for a given K|, «2 controls the 
position of Eigenvalue 4 in the complex plane. The smaller the 
value of lK2 |, the closer to the imaginary axis is Eigenvalue 4 and 
the more oscillatory the response should become in practice. A 
comparison of the figures as mentioned above shows experimental 
verification of this, with transients of both the speed and Iqq showing 
oscillatory components for the smaller value of |K2 |- 1+ can also
be seen that the transient speed excursions are smaller with this 
feedback than with the schemes considered previously. This shows 
that, by varying «2, phase lag current feedback allows some control 
over these excursions.
As a further illustration of the accuracy with which the small 
perturbation equations describe the dynamic response of the practical 
TSIM, several transients of IDC and shaft speed were computed numerically 
from the TSIM small perturbation equations. These are shown in 
App.9, (Figs.(A3) to (A5), and show the theoretical effects on the 
TSIM response of varying the relative values of Eigenvalues 4 and 5.
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FEEDBACK SCHEMES HAVING SMALL l<2
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If the shapes of the transients of Fig.(9.18) are compared with those 
of Fig.(A4), and those of Figs.(5.16) and (5.17) with Fig.(A5), it can 
be seen that the small perturbation equations provide good predictions 
of the shapes of the transients for the experimental TSIM.
Since a wide range of gains f<2 gives simi lar responses for a 
given K|, accurate comparison of the theoretical and experimental 
values for l<2 is not possible. However, it was found at all slips 
that an overdamped response could be obtained for values of «2 of the 
same order as those which give similar responses theoretically. The 
gains K2 for the feedback schemes used in obtaining Figs.(A4) and 
(A5) for example, can be seen to be similar to the values of «2 for 
Figs.(5.1 8.1) and (5.16) respectively.
As discussed in Sec.(3.9.5), a sufficiently large value of |K2 | 
can move Eigenvalue 2 into the R.H.P. at most slips. The frequency 
associated with this eigenvalue is approximately the same as the 
frequency of the supply to Machine 2 and is therefore very high compared 
with the transients considered previously.
The effect of large |K2 I on the experimental TSIM is illustrated 
at several slips in Fig.(5.19). Figs.(5.19.I) and (5.19.2) both show 
evidence of high frequency oscillations on Iqq for the large values of 
|K2 | shown on these figures. These values of |K2 | were the smallest 
which gave these oscillations. If |K2 | was increased further, the 
oscillations increased in amplitude with time and caused the inverter 
fuses to operate.
The curves illustrated in Fig.(5.19.3) were obtained by increasing 
|K2 | until the high frequency oscillations appeared, and then decreasing 
|K2 | to reduce these oscillations to zero and allow the TSIM to continue
Sp
ee
d
 (
r
.p
.m
.)
 
Id
c 
(a
m
ps
) 
t7
1 
Sp
ee
d
 (
r
.p
.m
) 
Id
c 
(a
m
ps
)
O
12x1 S = ,6 ,  T ( p .u .) = 5 .1 9 .2  S = .689, T ( p .u . )
- .2 6  to - . 069,, l<2 =. 5 ,9  .083 to ,8 ,  «2 = 5 .8
275
255
235
5 .1 9 .3  S = .83, T = 0, K£ varying  
FIRI1RF 5 .19 High frequency  o s c il l a t i o n s  at  s e v e r a l
SLIPS WITH PHASE LAG CURRENT FEEDBACK,
K l  = l
+o operate stably. The time scale used to plot Fig.(5.19.3) is 
expanded five times, compared with the scales of Figs.(5.19.1) and 
(5.19.2), to allow more detailed examination of this instability.
It can be seen that the frequencies of these oscillations are 
much higher than any frequencies considered previously, but that 
at most slips the frequencies are less than the supply frequencies to 
Machine 2 ((I - 2S) x 50 Hz.). In addition, the value of K2 +0 cause 
these oscillations was typically two to three times greater than 
the value which caused Eigenvalue 2 of the experimental TSIM to 
cross into the R.H.P. However, these eigenvalues were calculated 
for zero impedance in the D.C. supply to Machine 2, whereas the actual 
impedance shows large variations with frequency (Sec.(4.2.3)). The 
high frequency oscillations of Ijx caused by large values for |K2 | 
flow through this supply, and so considerable interaction between 
these currents and the supply would be expected. Also, in implementing 
phase lag current feedback on the experimental TSIM, high frequencies 
on the waveform for Iqq are deliberately attenuated compared with the 
feedback schemes considered theoretically (Sec.(4.6.5)), and so it 
is not surprising that large gains were required in practice.
Because of the low gain of phase lag current feedback at low 
frequencies (Sec.(4.6.5)), drift in the steady state speed is 
minimised, as can be seen from the curves for the TSIM speed on 
Figs.(5.16) to (5.18).
It can also be seen from these figures that this form of feedback 
minimises the transient direct currents into the inverter,and causes 
relatively large excursions of shaft speed compared with the velocity 
feedback schemes of Sec.(5.4). In the same way that large torque steps
produce very little overshoot in Iq q , it was found that there was 
very little overshoot in the amplitudes of the phase currents with 
this feedback. Because the inverter used in the experimental tests 
on the TSIM was not able to supply phase currents much larger than 
the rated currents for Machine 2, this feedback proved the most 
useful of all those considered in this Chapter from the point of view 
of avoiding overloading the inverter during transients.
For all torques at a given slip the same gains K| and «2 were 
used. It was found also that at all slips which could be investigated, 
the same values for K| and «2 gave very similar responses. This is 
shown, for example, by the comparison of Figs.(5.16) and (5.17.1), 
and of Figs.(5.18.I) and (5.18.2). This feedback is therefore simple 
to use in practice because the gains can be kept constant over a wide 
slip and torque range. This is as predicted from the theory in 
Sec.(3.9.8),and was taken advantage of when operating the 
experimental TSIM because it allowed the TSIM to be conveniently 
run up from zero speed through its unstable operating regions 
(Sec.(4.I.2)).
5.5.2 Conclusion
The theoretical predictions of Sec.(3.9.5) that phase lag 
current feedback can eliminate the unstable operating areas of the 
TSIM, has been experimentally verified for the range of slips and 
torques wh i ch couId be i nvest i gated. In add i t i on, the ab iIi ty of 
this feedback to introduce an eigenvalue at -Kj on the real axis 
of the complex plane, and to force the TSIM response to be dominated 
by this eigenvalue over a large slip and torque range, is verified 
by the experimental results.
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It has also been shown experimentally that decreasing |K2 | 
causes a greater oscillatory component of the response, as expected 
from the eigenvalue analysis, and that the values of K2 which give 
an overdamped response are of the same order as those predicted 
by the theory.
It is found both experimentally and theoretically that |k2 | 
can be i ncreased sufficiently to cause high frequency instability 
in the TSIM.
The eigenvalue analysis of small perturbations of the TSJM 
has therefore been shown to give accurate information for use in 
the practical operation of an experimental TSIM with phase lag 
current feedback.
5.6 Experimental Operation of TSIM: Conclusions
The experimental work has shown that the eigenvalue analysis 
produces results useful in predicting the stability regions 
(Sec.(5.2.3)), the dynamic response without feedback, and the effects 
of design constant changes on the dynamic response of an experimental 
TSIM (Sec.(5.3.4)).
It was shown in Sec.(5.4) that for all the velocity feedback 
schemes the gains which eliminated the instability and increased 
the damping of the experimental TSIM were close to those which 
produced these effects theoretically. The theory also correctly 
described the comparative effects of the different velocity 
feedback schemes on the TSIM response (Sec.(5.4.4.)). In addition, 
the gains at which instability or zero damping were predicted by 
the theory were found to be very close to the gains which produced 
instability in practice (Sec.(5.4.5)).
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Similarly, accurate predictions were obtained from the theory 
for the effects of the phase lag current feedback schemes on the 
experimental TSIM’s response (Sec.(5.5)). The values for the gains 
required to make the response of the experimental TSIM either 
oscillatory or overdamped were correctly predicted (Sec.(5.5.2)), 
and the way in which the shapes of the transient velocities and 
currents can be affected are given correctly by the small perturbation 
equations (Sec.(5.5.1)). In addition, the existence of relatively 
high frequency instability at large gains was predicted theoretically 
and found experimentally (Sec.(5.5.2)).
The eigenvalue analysis is therefore a successful analytic 
method for accurately evaluating the effect of these feedback schemes 
on the dynamic characteristies of the experimental TSIM. In particular, 
its success in predicting the effects of the phase lag current 
feedback schemes shows that even complex feedback schemes involving 
many TSIM variables (Sec.(2.5.5)) can be successfully evaluated using 
the small perturbation analysis.
The experimental work has also shown that the TSIM can be 
made to operate stably, at a I I the torques and slips which could be 
investigated, by several different feedback schemes. In addition, 
considerable control over the shape of the response, the rate of 
decay of transients, and the magnitude of the transient currents 
and velocities is available using these control schemes (Secs.(5.4.4) 
and (5.5.1)).
When using these feedback schemes, various factors such as 
drift of the steady state speed about its nominal value, and the 
introduction of spurious noise into the TSIM currents, need to be
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taken into account when considering the best control scheme for a 
particular appl¡cation (Secs.(5.4.4) and (5.5.1)).
The gains of the control schemes considered above do not 
vary greatly with torque and slip. This makes the control of the 
TSIM dynamic characteristics very simple to implement. In particular, 
the experimental work using the current feedback schemes considered 
in Sec.(5.5) shows that considerable control over the dynamic 
characteristics of the TSIM can be achieved using a feedback 
scheme which is simple to implement, which in practice does not 
introduce any significant noise into the system, and which uses 
a quantity which is readily available to be measured without any 
extra mechanical equipment (such as a tachometer) being required.
An additional advantage of phase lag current feedback is that 
it can make the response decay times determined by a known time 
constant over a wide range of slips and torques (Sec.(5.5.I)). As 
can be seen from Sec.(4.6.5), this time constant is determined by 
external components and is not a function of the TSIM parameters and 
operating point. Phase lag current feedback therefore provides an 
accurate means of controlling the TSIM response.
The TSIM has therefore been shown to have potential as a 
variable speed brushless motor with controllable dynamic characteristics.
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CHAPTER 6 : SINGLE UNIT TSIM 
L>. I I ntroduction
In previous Chapters a TSIM consisting of two separate wound 
rotor induction machines has been considered. In this Chapter the 
performance of a single frame TSIM is investigated.
This machine was designed as an undergraduate student project53 
with two separate 3-phase,60 degree phase belt stator windings, 
one of 2-poles and one of 6-poles, both wound in a single stator. 
This configuration theoretically ensures that the windings are 
electrically and magnetically independent^. If the number of pole 
pairs differs by two there will be unbalanced magnetic pull on the 
rotor,and so the two and six pole combination gives the lowest 
acceptable total number of poles1*.
The two stator windings were designed to have the same KVA 
rati ngtand to set up equal peak flux densities in the airgap when 
excited at rated voltage and frequency. The 2-pole winding was 
star connected to eliminate third harmonic circulating currents, 
and was fed from a 415 Volt, 3-wire, 3-phase, 50 Hz. supply. Six 
coils per phase of the 6-pole winding were brought out onto a 
terminal board, as shown in Fig.(6.1). When all these coils were 
connected in series and all the phases were star-connected, this 
winding was rated at 415 Volts Iine to line voltage at 50 Hz.
Both windings are rated at 2.8 KVA at 1500 r.p.m. At speeds 
less than 1500 r.p.m., some derating from this value is necessary 
if no forced ventilation is provided. With this rating, one 
per unit torque for this TSIM is 30 N.m.
227
TORDUCTOR
TS IM TERMINAL) 
BOARD j
D.C, MACHINE
FIGLJRF 6.1 Photograph of experimental
SINGLE UNIT TSIM,
TO MAINS 
VIA VARIAC 
AND SWITCHES
TO
INVERTER
2
D ,Ci MACHINE TSIM
FIGURF 6.2 Schematic diagram of single unit
TSIM AND ASSOCIATED EQUIPMENT,
228
For correct TSIM operation, currents flowing in the rotor winding 
must produce contrarily rotating 2-pole and 6-pole fields which set 
up the same peak flux densities in the airgap. This was achieved in 
this single frame TSIM by winding a single 4-phase, 2-pole rotor 
winding having a 100$ negative sequence third harmonic in its spatial 
distribution of M.M.F. When this winding is short-circuited on itself 
and excited by a 2-pole field, it develops circulating currents 
which produce a 2-pole and a 6-pole M.M.F. of opposite sequences.
There will be a similar response to excitation by a 6-pole field.
The performance of this winding was analysed using methods applicable 
to any winding arrangement51*, and it was found theoretically that the 
difference in the peak flux densities of the two fields set up by 
current flowing in the rotor winding was less than 1$. In addition, 
it was found theoretically that there were no harmonics in fhe airgap 
flux, set up by the rotor currents, which were greater than 10$ of 
the first and third harmonics.
6.2 Experimental Configuration
A schematic diagram for the single unit TSIM and associated 
equipment is given in Fig.(6.2). The 2-pole Stator I windings 
are connected via a switch S, used for synchronizing the TSIM, to 
a Variac fed from the 415 Volt, 3-phase, 50 Hz. mains. The 6-pole 
Stator 2 windings are connected to the inverter and the D.C. supply 
described in Sec.(4.2).
Because the Stator 2 windings could be reconnected in several 
different configurations, it was possible to run the single unit 
TSIM at rated flux at several different steady state speeds by 
reconnecting the Stator 2 windings so that the voltages and currents
required could be supplied by the inverter. The amount of speed 
variation which could be obtained about each steady state at rated 
flux was therefore very limited, because of the necessity to reconnect 
the Stator 2 windings to keep within the inverter’s current and 
voltage Iimits.
The D.C. load machine shown in Figs.(6.1) and (6.2) was 
supplied as discussed in Sec.(4.3). The net shaft torque developed 
by the TSIM was measured by means of a torductor (Fig.(6.1)).
The experimental procedure adopted for making measurements 
on this TSIM was to run it up to its required speed using the D.C. 
machine, and to supply Stator 2 and the Variac side of the 
switch S with the desired voltages. The switch S was then closed 
when the voltage across it was a minimum.
6.3 Measurement of Design Constants
Both stators of a TSIM can be supplied from the mains with 
the phase sequences arranged so that in the steady state the TSIM 
shaft is stationary. For an ideal TSIM with identical stators, 
and perfectly balanced rotor circuits, it is theoretically possible 
to position the shaft so that the rotor voltages induced by each 
stator field are exactly equal in amp Iitudefand have their relative 
phases arranged so that no rotor currents flow and no torque is 
developed. Measurements can then be made corresponding to the no 
load tests of ordinary induction machines1. The shaft can also be 
positioned so that the relative phases of the rotor induced voltages 
are such that the rotor circuits are effectively short-circuited; 
this enables tests corresponding to full load tests to be made.
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For the single unit TSIM however, it was found that there was 
a small range of shaft positions over which zero torque was developed, 
both near the "no load" and near the "full load" posM ions. Small 
movements of the shaft within this range produced variations in the 
currents and powers within each stator. These variations were 
sufficient to produce large variations in the inductances and 
resistances calculated from these currents and powers.
The two stators were also designed to have identical 
magnetising currents, and should have had very similar design 
constants. However, it was found that at rated voltage the 2-pole 
winding drew far more power and current than the 6-pole winding 
at all torques near zero, and so the degree of saturation set up by 
this winding was much greater than that set up by the 6-pole stator.
By plotting several curves of power, power factor and phase 
current against shaft position at zero torque, and repeating these 
tests for many different supply voltages, it was found that to 
approximately balance the saturation levels in both parts of the 
TSIM it was necessary to reduce the voltage rating of the 2-pole 
winding by 13>6, to 360 Volts. This reduced the variations in the 
values obtained for the measured design constants using the full 
load and no load tests, and enabled estimates to be made of the 
values of the inductances and resistances in each part of the machine.
11 was found, however, that the vaIues for the design constants 
measured in this way gave only fair values for the steady state 
TSIM quantities at zero torque at other TSIM speeds. As the torque 
changed from zero at any speed, the experimentally measured
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steady state quantities of the TSIM showed little relationship to 
those calculated using these constants.
Typical phase current waveforms for the TSIM, when both of its 
stators are star connected and excited with sinusoidal voltages 
from the mains so that its shaft is stationary, are shown on 
Fig.(6.3). The current waveforms in the 2-pole windings and in 
the 6-pole windings at any torque between 0 and 0.5 were similar 
to those shown in Figs.(6.3.1) and (6.3.2). At higher torques 
the currents in both windings were similar to those shown in 
Fig.(6.3.3).
These waveforms show that the currents are far from sinusoidal, 
and that there are many harmonic M.M.F’s in the airgap. It is not 
surprising,therefore,that no method of measuring the TSIM 
inductances and resistances gave results which described the 
magnitude of the steady state currents and torques of the single 
unit TSIM over any significant torque and speed range. This was 
also reported by previous workers to be the case for another single 
unit cascade machine8.
The mass moment of inertia of the rotating parts of the TSIM 
and its associated equipment was found by standard retardation 
tests to be 0.636 Kg.m2.
6.4 Steady State Results
The shaft speed, 0)rm, for the single unit TSIM when it is 
running synchronously can be found from Eqn.(A3.l4) and Eqn.(A3.l5) 
to be:
torm = 15 (f | + f 2> r.p.m. (4.1)
6.5,1 2-pole w in d in g ,  t o r q u e  = .5 p.u.
6.3.2 6-p o l e w indin g , t o r q u e  = .5 p.u.
FIGURE 6,3 TSIM p h a s e c u r r e n t  w a v e f o r m s , 
Ip V, TIME t AT 50 Hz,
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f i 50 Hz.
f 2
031 _
2 tt ~
o>2
2tt Hz.
As the supply frequency f2 to Stator 2 varies from 50 Hz. 
to 0 to +50 Hz. therefore, the TSIM synchronous speed varies from
0 to 750 to 1500 r.p.m. There is relative motion between the 
stator fields and the rotor conductors at speeds between 1500 ai 
3000 r.p.m. and so the single unit TSIM can produce torque up to 
3000 r.p.m. Speeds greater than 1500 r.p.m. require frequencies 
f2 greater than 50 Hz. (Eqn.(4.l)), and commutation conditions for 
the S.C.R.’s of the inverter prevented operation at these 
frequencies. However, because Stator 2 could be reconnected in 
several different configurations (Sec.(6.2))fit was possible to 
carry out tests at rated flux at many different speeds in the 
range from 0 to 1500 r.p.m.
At all speeds examined experimentally, the voltage amplitude 
to Stator 2 was set so that |V2/f2 1 was constant, where V2 was the 
voltage per Stator 2 phase.
To illustrate the torque capability of the single unit TSIM, 
several values of torque T, versus D.C. current from the inverter,
1 DC, are plotted in Fig.(6.4). Positive torque is motoring torque 
developed by the TSIM, and Iqc *s positive when power flows from 
the inverter into its D.C. supply. The variations of Ipc with 
torque are of particular interest because Iqc is used in the 
feedback schemes considered later.
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The speeds shown on Fig.(6.4) were the speeds at which the 
inverter could supply currents over a large torque range. Speeds 
between 1hose shown on Fig.(6.4) could also bo obtained, but only 
at reduced flux levels and for a reduced torque range. This 
investigation of the characteristics of the single unit TSIM is 
therefore confined to the speeds shown on Fig.(6.4).
For a given power flowing into the D.C. supply, Iqq depends 
on the D.C. voltage, which depends on the particular connection used 
for the Stator 2 windings. However, to enable direct comparison 
between the different speeds, the experimentally measured values of 
*DC were multiplied by appropriate factors to give a value for Iqq 
which would flow if all the Stator 2 windings were in series and 
star connected. These values are shown in Fig.(6.4).
The torques R on Fig.(6.4) give the maximum positive and negative 
torques which can be developed by the TSIM without exceeding its 
current rating. At the speeds of 60 and 1440 r.p.m. the inverter 
could not supply sufficient current to reach these torques.
At the speeds of zero and 1500 r.p.m. the TSIM could be run 
with both stators supplied from the mains. At zero speed, torques 
of ±1.2 p.u. could be produced for rated current, and at 1500 r.p.m. 
torques of ±.67 p.u. at rated current were developed. The torques 
measured at 1500 r.p.m. were averages of the oscillating output at 
this speed (Sec.(6.5)).
It can be seen from the above that the single unit TSIM can 
develop considerable torque at rated current at many speeds over 
the range from 0 to 1500 r.p.m.
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6.5 Dynamic Characteristics without Feedback
6.5.1 i ntroduction
From Eqn.(4.1) it can be seen that when f2 = 0, the TSIM 
speed is 750 r.p.m. By analogy with the TSIM discussed in Chapter 3, 
this speed corresponds to the S = .5 point on Fig.(3.3). As the 
speed of the TSIM (assuming synchronous operation) increases from 
the S = .5 point, a speed is reached at which there can be no 
induced rotor voltages. This is the S = 0 point on Fig.(3.3), and 
corresponds to a speed of 3000 r.p.m. for the experimental single 
unit TSIM. Therefore, if the single unit TSIM has similar 
characteristics to the TSIM of Chapter 3, it would be expected to 
have operating regions analogous to regions A, B, C, D and E on 
Fig.(3.3), where regions A and B are at speeds less than 750 r.p.m., 
and regions C, D and E are at speeds between 750 and 3000 r.p.m.
If the single unit TSIM has areas of instability analogous to those 
of Fig.(3.3), most of the speeds between 750 r.p.m. and 1500 r.p.m. 
are likely to be in an unstable region corresponding to region D, 
with the stable regions C and most of E being at speeds requiring 
frequencies f2 at which the inverter could not operate.
The dynamic response of the TSIM without feedback is influenced 
to some extent by the D.C. supply (Sec. (4.2.3)). However, many of 
the dynamic characteristics found for the experimental single 
unit TSIM are as expected from the theoretical analysis of Sec.(3.3), 
as discussed in the following.
6.5.2 Experimental Responses
Several responses of Iqq to various torque steps at speeds less 
than 750 r.p.m. are shown on Fig.(6.5). On this figure, T; indicates
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the value of the initial steady state torque before a torque step 
equal to AT is applied.
These responses are typical of those for mosl torque slops 
within the range of torques and speeds less than 750 r.p.m. shown 
on Fig.(6.4). However, at large generating torques at most speeds 
there was low frequency instability accompanied by large oscillations 
in the D.C. supply voltage,simi lar to those discussed in Sec.(5.3).
It can be seen from Fig.(6.5) that the response of the single 
unit TSIM is very underdamped at speeds corresponding to those 
in regions A and B (Fig.(3.3)).
At speeds of 60, 255 and 474 r.p.m. there are continuous 
oscillations of Iqq in the steady state shown on Fig.(6.5), whereas 
at 600 r.p.m. these oscillations are almost negligible. This is a 
qualitative indication that the inherent TSIM damping is greater 
at 600 r.p.m. than at the other speeds, as would be expected if the 
damping trends of the single unit TSIM followed those of the TSIM 
considered in Sec.(3.3.2).
At several of the speeds greater than 750 r.p.m. which could 
be investigated, the single unit TSIM was unstable. This instabiity 
was independent of torque and could be observed by stabilising the 
TSIM using feedback, and then removing the feedback. (Suitable 
feedback schemes are discussed later.) When the feedback was 
removed, oscillations in the TSIM quantities rapidly built up until 
the feedback was reapplied to prevent the currents exceeding the TSIM’s 
current rating and operating the inverter fuses. This is shown in 
Fig.(6.6) at various torques for oscillations of Iqq at the speeds of 
900 and 1026 r.p.m. At 1245 r.p.m. several of the inverter fuses
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At 1440 r.p.m. the TSIM could be operated at zero foraue 
without feedback, but this operation was very underdamped, as shown 
in Fig.(6 .6 ), and no torque steps at this speed could oe atferctec 
without exceeding the current rating of both the TSIM and the 
i nverter.
At 1500 r.p.m. both stators of the TSIM were supplied from 
the mains and so there was no inverter and no direst current In­
flowing. The response at this speed shown in Fig.(6. 6 ) s h ows The 
torque signal from the torductor (Fig.(6.2)). This illustrates the 
underdamped nature of the TSIM response at 1500 r.p.m. Similar 
responses were obtained for all torque steps within the pull-out 
torques at this speed, and the TSIM currents also exhibited 
continuous oscillations in the steady state. The amplitudes of these 
oscillations were well within the current rating of the TSIM.
Fig.(6 .6 ) indicates that the single unit TSIM exhibits 
instability at speeds and torques which lie within an area 
corresponding to region D in Fig.(3.3) (Sec.(6 .5.I)). This 
instability is independent of torque, as would be expected if the 
single unit TSIM behaved in a simi lar fashion to the TSIM discussed 
in Chapter 3.
At the speeds of 1440 r.p.m. and 1500 r.p.m. tnere are steacy 
state osc i I I at i ons in the TSIM currents which are of sufficiently 
small amplitude to lie within the TSIM's current rating; wnereas 
at smaller speeds the TSIM was unstable. This indicates qualitative I
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that the inherent damping of the single unit T8!M increases wiih speed 
in this region. This is as predicted by the theory for operation in 
region D of the TSIM considered in Sec.(3.3).
At zero r.p.m. torque steps of any size within the c a p a b i l i t y  of 
the D.C. load motor (±2 p.u.) could be applied without caus i ng  
instability or steady state oscillations. This is as would be 
expected from the analysis of Sec.(3.8), because the frictional 
"stiction" torque for the experimental single unit TSIM was 
measured at .06 p.u.
6.5.3 Cone I usion
If the operating areas of the single unit TSIM are similar 
to those for the TSIM considered in Chapter 3, then speeds which lie 
in operating regions analogous to regions A, B, D and part of E 
(Fig.(3.3)) were examined experimentally (Sec .(6.5.1)).
With this assumption, the dynamic behaviour of the single 
unit TSIM exhibits several trends similar to those predicted 
theoretically for the TSIM considered in Chapter 3. Operation of the 
single unit TSIM at several speeds corresponding to those in region A 
is accompanied by continuous stable oscillations of the TSIM quantities 
in the steady state. The response is very underdamped in this region 
(Fig.(6.5)).
At several speeds in the range corresponding to region D of 
Fig.(3.3), the instability of the single unit TSIM causes oscillations 
of the TSIM currents,with amplitudes which rapidly increase with 
time (Fig.(6.5)). This indicates a much greater degree of 
instability for the single unit TSIM at speeds correspond Ing to 
region D than at speeds corresponding to region A. Ihe theory of
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Sec.(3.3.2) also predicts that the dominant eigenvalue is much further 
into the R.H.P. in region D than it is in region A (Fig.(3.4)).
There are qualitative indications that the inherent damping 
of the single unit TSIM is greater at large speeds in the range from 
0 to 750 r.p.m., and at large speeds in the range from 750 to 1500 
r.p.m., than at smaller speeds in these ranges. In addition, the 
dynamic characteristics show little torque dependence over much of 
the operating range. Both these trends are as would be expected if 
the single unit TSIM showed similar dynamic characteristics to those 
predicted in Secs.(3.2) and (3.3).
At large generating torques at some speeds less than 750 r.p.m., 
there was low frequency instability not predicted by the theory. This 
was accompanied by large oscillations in supply voltage however, which 
are not taken into account by the theory.
. The single unit TSIM showed no instability at zero r.p.m. This 
is as expected from the analysis of Sec. (3.8).
For the range of speeds and torques of the single unit TSIM 
which could be investigated therefore, the dynamic characteristics 
of the single unit TSIM operating without feedback show several 
similarities to those predicted theoretically for the TSIM considered 
in Chapter 3.
6.6 Dynamic Response with Feedback
6.6.1 Introduction
The responses in the stable areas considered in Sec.(6.5) 
were accompanied by very smaI I osciI I at ions in shaft speed. These 
oscillations could be observed with the aid of a stroboscope, especially 
at 1500 r.p.m. At this speed both stators are supplied from the mains
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and the stroboscope can be synchronised with the mains to allow the 
rotor oscillations about its synchronous speed to be easily observed. 
These speed changes of the single unit TSIM were sufficiently small 
to be undetectable without considerable filtering of the signal from 
a D.C. tachometer connected to the TSIM shaft. It was found that the 
once per revolution noise introduced by the unavoidable slight 
misalignment of any tachometer,which is connected to the TSIM shaft, 
was very much greater than the speed oscillations to be detected.
The brush noise from the tachometer was also much larger than the 
oscillating speed signals, but this noise was at a relatively high 
frequency at most speeds and could be removed by fiI tering,without 
affecting the desired speed signals.
It is possible that a tachometer which is built as part of the 
TSIM shaft could minimise the background noise and allow a 
sufficiently accurate measure of the transient speed to enable a 
velocity feedback scheme to be implemented. However, it is probable 
that any analogue method of measuring the transient speed will introduce 
too much noise to be acceptable. At 1500 r.p.m. for example, the 
speed variations during the transients of Fig.(6.6) were measured 
at less than .5% of the steady state speed. Alternative digital methods 
of achieving transient speed measurements over a wide speed range 
have recently been developed56 and these have sufficient resolution
to be suitable for this TSIM.
Some form of feedback is necessary even in the stable TSIM 
operating regions. This is because the underdamped nature of the 
experimental TSIM without feedback produces large osciI I at ions in 
current which limit the size of torque steps which can be applied,
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and which have very long decay times and cause unnecessary losses. 
Feedback using the direct current into the inverter was readily 
implemented on the single unit TSIM, and its effects are considered 
in this section.
6.6.2 Phase Lag Current Feedback
The effect on the response of the single unit TSIM of using 
phase lag current feedback,at speeds less than 750 r.p.m.,is shown 
by comparing Figs.(6.5) and (6.7). The torque steps AT, applied at 
the initial torques Tj, are very similar in both these figures, and 
Fig.(6.7) shows the effect of phase lag current feedback with gains 
K| and «2 shown on the figure. The way in which this feedback 
scheme is implemented is discussed in Sec. (4.6.5). Similar responses 
were obtained for all torque steps, within the ranges which could 
be examined at the speeds shown in Fig.(6.7).
The effect of this feedback at speeds greater than 750 r.p.m. 
is shown by comparing Figs.(6.6) and (6.8). This feedback allows 
the TSIM to run stably in all the unstable regions at these speeds, 
and the response is nearly overdamped at every speed on Fig.(6.8). 
Similar responses were obtained for all torque steps within the 
range which could be examined. No feedback could be applied at 0 
or 1500 r.p.m. because at these speeds no inverter was used (Sec.(6.4)).
Most of the steady state measurements of Fig.(6.4) were made 
using phase lag current feedback, with the gains Kj and K2 as shown 
in Figs.(6.7) and (6.8). At the speeds of 474 and 600 r.p.m., however, 
the direct current into the inverter, Iq q , reaches a maximum at 
positive torques, as shown in Fig.(6.4). Phase lag current feedback, 
using the gains K| and f<2 shown in Fig.(6.7), at these speeds had little
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effect on the operation of the TSIM in the vicinity of these torques, 
and at larger torques it could not be used at all without causing 
instability. This is as predicted from the theory of Sec. (3.9.7).
The torque at which this occurred is well outside the rated current 
limit at 474 r.p.m., but close to and less than the rated current 
Iimit at 600 r.p.m.
At all the other torques shown on Fig.(6.4), phase lag current 
feedback reduced the oscillations of the steady state TSIM quantities 
to negligible proportions,and allowed accurate measurement of these 
quantities to be made. Phase lag current feedback can therefore be 
used successfully over a wide range of speeds and torques, with some 
limitations on its use at motoring torques within the TSIM’s current 
rating at speeds near to and less than 750 r.p.m.
If the gain |K2 | was increased sufficiently at any speed, high 
frequency instability very similar to that obtained for large |K2 | 
for the TSIM considered in Chapter 5 (Fig.(5.18)) resulted. This 
occurred for the single unit TSIM at values for the gains |K2 1 of 
between 7 and II at the speeds investigated. The shapes of the 
responses shown on Figs.(6.7) and (6.8) were nearly independent of 
|K2 1f if |K2 1 was greater than 4 and less than the value which caused 
instability, and so a wide range of |K2 I gives very similar responses 
at any speed. The single unit TSIM response can therefore be made 
nearly overdamped over a wide range of speeds and torques without 
needing to vary Kj and |K2 | at every different steady state. This is 
also as indicated by the theoretical analysis of Sec.(3.9.5).
Fig.(6.9) shows the effect on the TSIM response of varying K| 
whilst keeping K2 constant. The theory of Sec. (3.9.5) indicates that
(2
 a
m
p/
cm
)
FIGIIRF 6,9 Re s p o n s e  u s i n g p h a s e l ag c u r r e n t f e e d b a c k 
WITH Ko= 3.35, Kj VARIABLE. TORQUE STEPS 
ARE AT 474 R.P.M., Tj=-.53 P.U., *T=.53 P.U,
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Eigenvalue 5 is close to l/K| on the real axis,and that the larger 
the value for K| the closer that Eigenvalue 4 is to the R.H.P., and 
the more underdamped the response should be. As Fig.(6.9) shows, 
this is also found to be the case for the single unit TSIM. As K| 
decreases with K2 constant, the number of oscillations associated 
with the transient decreases until for Fig.(6.9.4) K| = I. If K2 
is now increased, Eigenvalue 4 is predicted to move further to the 
L. H . P ., mak i ng the response more overdamped. Comparison of Fig.(6.9.4) 
with Fig.(6.7.3) shows that this is found to be the case for the 
single unit TSIM. Similar variations of K| and K2 caused similar 
changes in the response to torque steps at a I I the speeds 
considered. Therefore, the effects of varying the gains K| and K2 
of phase lag current feedback schemes on the response of the single 
unit TSIM are similar to those predicted by the theoretical 
analysis of this scheme for the TSIM considered in Sec.(3.9.5).
6.6.3 Cone I us ion
The effects of phase lag current feedback on the dynamic 
characteristics of the single unit TSIM are very similar to the 
effects considered theoretically in Secs.(3.9.5) and (3.9.7). In 
particular, this feedback stabilises all of the unstable operating 
areas of the single unit TSIM which were identified experimentally, 
and the effects of relative variations of its gains K| and K2 on 
the nature of the response is as predicted by this theory. Similar 
values of the gains K| and |K2 | can cause similar responses over a 
wide speed and torque range of the single unit TSIM,and large values 
of |K2 I can cause relatively high frequency instability. At some
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motoring torques where the steady state direct current, Iq q , reaches 
a maximum, phase lag current feedback loses its efficacy. All these 
effects are also predicted by the theory for the TSIM considered in 
Secs.(3.9.5) and (3.9.7).
For a wide range of torques and speeds, it has been shown that 
phase lag current feedback removes the inherent instability of the 
single unit TSIM, as well as the large oscillations in its currents 
characteristic of its operation without feedback. This can be 
achieved with little variation of the gains K| and |«2|, and without 
introducing any significant noise. Considerable control over the 
response of the single unit TSIM can therefore be obtained using a 
feedback scheme which is simple to implement and which uses a 
quantity which is readily available for measurement.
6.7 Cone I us ion
No method was found to satisfactorily measure the design 
constants of the single unit TSIM (Sec.(6.3)). However, its 
regions of instability or very underdamped behaviour, and its 
variations of damping with speed, showed several similarities to 
the theoretical predictions for the corresponding operating regions 
of the TSIM considered in Chapter 3 (Sec.(6.5)). In addition, 
the theoretical evaluation of the current feedback schemes in 
Secs.(3.9.5) and (3.9.7) provided accurate information about the 
effects of the phase lag current feedback schemes on the dynamic 
characteristics of the single unit TSIM (Sec.(6.6.3)).
Therefore, despite the fact that the single unit TSIM has 
two fields existing in the one airgap, and current waveforms with 
high harmonic content (Sec.(6.3)), the theory of Chapter 3 provided
useful information about the performance of this TSIM. In particular, 
the accuracy of the theoretical evaulation of phase lag current 
feedback, which is an analytically complex function of several of 
the TSIM variables, provides a good test of the applicability of the 
small perturbation analysis to the practical operation of a single 
unit TSIM.
The single unit TSIM has been shown to be able to produce 
torque close to its rated torque at many different speeds between 
0 and 1500 r.p.m. (Sec.(6.4)). Without feedback,the experimental 
TSIM was stable at 0 r.p.m., and was very underdamped or unstable
at a I I other speeds examined. However, it was shown that with 
feedback it could be stabilised with an overdamped response at nearly 
all torques and speeds which could be investigated (Sec.(6.6)).
Feedback using the shaft speed proved impossible to implement 
with the tachometer used experimentaI Iy, because of the very small 
speed variations to be detected. However, phase lag current feedback 
was very simply implemented because it uses easily measurable 
quantities and requires similar gains at nearly all the speeds and 
torques exami ned.
The single unit TSIM has therefore been shown to be a useful 
and stable machine with a response which can be easily control led 
at many speeds and torques in the range from 0 to 1500 r.p.m.
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CHAPTER 7: THE TSIM AS AN OPEN LOOP POSITION CONTROLLER
OF HIGH TORQUE CAPABILITY
~I • I I ntroduct i on
If the two stators of a TSIM are supplied with voltages at the 
same frequency and with appropriate phase sequences, there will be 
a steady state stationary position of the TSIM shaft at zero torque.
If the relative phases of the supplies are then varied there will be 
a torque produced (Sec.(I.2)). The TSIM is typically capable of 
producing about I per unit torque at rated current at zero speed, 
with pull-out torques of several times this value (Fig.(3.3)). The 
TSIM is therefore potentially able to operate as a high torque 
stepping motor if the relative phases of its supplies can be 
conveniently controlled. In addition, since the TSIM runs synchronous! 
a known phase difference introduced between its supplies corresponds 
to a fixed angular movement of its shaft if the applied load torque 
is constant. Therefore, control over the shaft position of the 
TSIM can, in principle, be gained in an open loop fashion without 
there being any need to monitor the shaft position.
This control can be achieved in several ways such as, for 
example, by using phase shifting transformers or by rotating one of 
the stators of a TSIM made up of two machines. However, since the 
TSIM can operate also as an inverter fed variable speed machine, it 
is much more convenient if fine control over this phase can be 
achieved electronically using an inverter.
In this Chapter there is a description ol the development of 
circuitry which can alter the phase, relative to the mains, of a 
three phase alternating voltage supplied by an inverter. The phase 
movement is in small discrete steps of a few degrees. This has 
particular reference to stepping motor operation of a TSIM when one 
of its stators is supplied directly from the mains, as discussed 
above, but it could also be used in any doubly fed position control 
or selsyn system which depends for its operation on the relative 
phase of two 3-phase supplies.
The method used here applies to a three phase inverter which 
has its output line currents and line to line voltages control led 
by six S.C.R.Ts. When the alternating output of the inverter is 
at a frequency of 50 Hz., each of these S.C.R.’s is turned on fifty 
times per second by division of a 300 Hz. waveform into six separate 
appropriately phased waveforms. The phase shifting circuit to be 
considered here operates on this 300 Hz. waveform in order to 
achieve control over the phase of the output from the inverter. The 
general principles of operation of this circuit will therefore 
apply to any inverter whose output frequency is controlled by a 
single pulse train. This applies to many variable frequency 
inverters in common use.47,48,57,58
7.2 Electronic Means of Altering the Phase of a 3-Phase 
Alternating Voltage Supply
7.2.1 Principles of Operation of the Phase Shifting Circuit
Referring to Fig.(7.1.1), it can be seen that a 50 Hz. square 
wave reference from the mains is multiplied in frequency to form a
2.4 KHz. pulse train. This pulse train is then divided by eight in
Up/Down control
Shift
Pulses
7.1.1 Block diagram of phase shifting circuit
a: 0 0 0 e: 1 0 0
b: 0 0 1 f : 1 0 1
c: 0 1 0 g: l l 0
d: 0 1 1 h: l i 1
ZJ-.2 States a-** of Counters 1 and 2 
FIGURE 7 .1  Principle of operation of phase shifting circuit 254
Counter I,in three stages,to produce a pulse train of 300 Hz. which 
is further divided by six to produce a 50 Hz. signal used to complete 
the phase lock loop. When this signal is locked in phase to the 
mains reference by the action of the loop, the 2.4 KHz. and 300 Hz. 
pulse trains will have a fixed constant relationship with the mains.
The three bits in Counter I move through a complete cycle 
of eight distinct states (a to h, shown in Fig.(7.1.2)) three 
hundred times a second. This counter is moved from one state to its 
adjacent state by each pulse in the 2.4 KHz. pulse train.
The coincidence detector checks the three corresponding bits 
from Counters I and 2 and produces an output when the states of 
Counters I and 2 are equal. If the three bits of Counter 2 remain 
stationary in any one of the states (a) to (h) therefore, the 
coincidence detector will give an output at every complete cycle of 
Counter I, i.e., it will produce a pulse train TC’ (Fig.(7.I.I)) at 
300 Hz. Because of the phase lock loop, this 300 Hz. pulse train 
has a fixed constant relationship with the mains. Therefore, the 
inverter fed by it via the pulse shaper produces a 3-phase alternating 
voltage synchronised with the mains.
The state of Counter 2 can be changed by pulses arriving on 
the Shift Pulse Line (Fig.(7.1 .1)). The voltage on the Up-Down Line 
(Fig.(7.1.1)) determines the direction of the shift. For example, if 
Counter 2 is initially in state (b) (Fig.(7.I.2)) a pulse arriving on 
the shift pulse Iine will move it to state (c) if it is counting up, 
and to state (a) if it is counting down.
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Suppose now that Counter 2 is in state (b). Every time 
Counter I passes through state (b) an output is produced by the *
coincidence detector. Should Counter 2 be shifted up one state 
(be moved from state (b) to (c)) between coincidence outputs, the 
next coincidence pulse will not be detected untiI Counter I reaches 
state (c). Thus, one extra pulse of the 2.4 KHz. pulse train will 
be required to produce the next coincidence pulse fed to the inverter 
The time delay introduced into the 50 Hz. 3-phase inverter output 
will therefore correspond to a delay in phase of:
Period of 2.4 KHz, pulses 
Period of 50 Hz. x 360 degrees
= 7.5 degrees.
Similarly, if Counter 2 is in the down count mode a shift pulse 
arrival will cause the phase of the inverter output to be advanced
7.5 degrees relative to the mains reference.
For the TSIM considered in Chapter 5,and for the single unit 
TSIM considered in Chapter 6, this 7.5 degree change in the relative 
phases of the supplies corresponds to a mechanical shaft movement at 
constant load torque of 1.875 mechanical degrees. The direction of 
shaft movement is reversed when Counter 2 is changed from down to 
up count modes.
Smaller angular increments could theoretically be achieved with 
some increase in the number of circuit components. If the frequency 
of the incoming pulses to Counter I were increased to 4.8 KHz., for 
example, an extra bit would be required on Counters I and 2, and 
the coincidence detector would need to detect coincidences between 
four bits instead of three. This would then halve the number of
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degrees of phase advance or delay introduced by each shift pulse.
To obtain open loop position control of the TSIM, ¡1 is 
necessary that the phase shifting circuit shift the phase of the 
3-phase inverter output whenever a pulse is sent to Counter 2.
This ensures that the phase change of the 3-phase output is always 
exactly equal to the number of shift pulses multiplied by 7 . 5 degrees. 
To avoid losing incoming pulses and to avoid causing spurious 
pulses in the pulse train to the inverter, it is necessary, as shown 
later, to process the shift pulses to some extent before allowing them 
to enter Counter 2. This is achieved using the "Timing" circuit shown 
in Fig.(7.I.I), as discussed in the following section.
7.2.2 Timing of Shift Pulses 
7.2.2.I Phase Advance
Consider the case when Counter 2 is in the count down mode and 
is in state (b), and Counter I is in state (a). Any shift pulse 
arriving at Counter 2 will move it from (b) to (a), thus causing a 
coincidence pulse until Counter I moves from (a) to (b) on the 
arrival of the next pulse in the 2.4 KHz. pulse train. If the shift 
pulse had arrived just before or just after this 2.4 KHz. pulse, the 
coincidence between Counters I and 2 couId have lasted for too short 
a time to be recorded. If it had arrived at the same time as the
2.4 KHz. pulse, there may have been no coincidence recorded at all, 
as both counters would have been in a transition stage between states.
As shown later, any indeterminancy or loss of coincidence 
pulses from the coincidence detector can be avoided by controlling the 
transfer of the incoming shift pulses so that they can only change
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the state of Counter 2 half way between 2.4 KHz. pulses. When this is 
done, and no more than one shift pulse arrives between 2.4 KHz. pulses 
(i.e., if the frequency of down counting is less than 2.4 KHz.), the 
arrival of a shift pulse just before, after or during a coincidence 
causes no loss of coincidence pulses to the inverter. In addition, 
the mi nimum width of any coi ncidence puIse wiI I be secs.
This is shown by an inspection of Fig.(7.2). Fig.(7.2.1) shows 
the arrival of 2.4 KHz. pulses every T secs, to Counter I, causing it 
to change its state as indicated. Fig.(7.2.1) also shows the times 
at which shift pulses are allowed to change the state of Counter 2.
If no shift pulses arrive, there will be a pulse from the coincidence 
detector as shown in Fig.(7.2.2). If a shift pulse arrives at any 
time during t| secs. (Fig.(7.2.3)), and the inverter firing circuitry 
is assumed to work on trailing edges of the coincidence pulses, it 
can be seen from Figs.(7.2.2) and (7.2.3) that the inverter phase is 
changed by an amount correspond i n.g to ^  (3.75 degrees) within T secs, 
of the arrival of this shift pulse. A further 3.75 degrees change 
occurs at the end of a complete cycle of eight states of Counter I, 
(i.e., after 1/50 = 20 msecs. Fig.(7.2.5)). Similarly, the 
required phase change of 7.5 degrees is achieved if the shift 
pulse arrives during time t2 secs., as shown by comparing Fig.(7.2.4) 
with Fig.(7.2.2). Shift pulses arriving any time during t3 secs.
(Fig.(7.2.2)) cause no problems because they are transferred to 
Counter 2 at (3T + T/2) secs. (Fig.(7.2.I)).
Time (secs.) 
Arrival ($) of 
2.A KHz. pulses 
to Counter 1 
every T secs.
State of Counter 1
Times (̂ ) at 
which Counter 2 
is allowed to 
change states
State of Counter 
2 with no shift 
pulses
Coincidence 
Detector Output 
in absence of 
any shift 
pulses
Coincidence 
Detector Output 
if shift pulse 
arrives during 
tj secs, 
(showing state 
of Counter 2)
Coincidence 
Detector Output 
if shift pulse 
arrives during 
t2 secs, 
(showing state 
of Counter 2)
Coincidence 
Detector Output 
for next cycle 
of Counter 1 in 
absence of any 
further shift 
pulses (showing 
state of 
Counter 2)
FIGURE 7.2 Output of coincidence detector
FOR PHASE ADVANCING
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Therefore, when shift pulses cause Counter 2 to count down at 
any frequency less than 2.4 KHz., Counter 2 is always moved a number 
of states exactly equal to the number of shift pulses, and no 
coincidence pulse is ever lost. The phase of the output from the 
inverter is therefore always changed by a number of degrees exactly 
equal to (7.5 x no. of shift pulses) relative to the mains. The 
total phase change caused by any train of shift pulses occurs 
within 20 msecs, of the end of the train.
The upper limit of 2.4 KHz. on the frequency of shift pulses 
can in principle be increased by feeding more shift pulses every 
T secs, to Counter 2. This increases the maximum frequency at which 
the inverter can operate during down counting,however (Sec.(7.2 .3)).
1.2.2.2 Phase Delay
A problem arises in delaying the phase of the inverter output 
if Counter 2 (in the up-mode) receives a pulse shifting it one state 
while Counters I and 2 coincide. The counters will then lose 
coincidence until the next pulse in the 2.4 KHz. pulse train moves 
the counters into coincidence again. In this case therefore, one 
puIse to Counter 2 w i I I not delay coi ncidence as des i red, but will, 
instead, produce two coincidence pulses.
This problem is overcome by transferring the incoming shift 
pulses to Counter 2 at the same time as the 2.4 KHz. pulses to 
Counter I. From Figs.(7.3.2) to (7.3.5) it can be seen that if the 
spikes in the coincidence detector output are ignored, the required 
delay relative to Fig.(7.3.1) will be obtained irrespective of when 
the shift up pulse arrives. In addition, no more than one shift pulse
Arrival (|) 0f
2.4 KHz. pulses 
and times at 
which shift ’ 
pulses are 
transferred to 
Counter 2 
(showing state of 
Counter 1)
State of Counter 
2 with no shift 
pulses
Coincidence 
output in absence 
of any shift 
pulses
Time (secs.)
o
FIGURE 7.3 Output of coincidence detector
FOR PHASE DELAYING
262
can arrive in T secs, if no shift pulses are to be lost. The 
frequency of shift pulses for phase delaying must therefore not 
exceed 2.4 KHz.
The spikes from the coincidence detector are easily removed 
in practice by the pulse shaper circuit shown in Fig.(7.1.1). This 
is discussed in greater detail in App.10.
Therefore, provided the shift pulses are at frequencies less 
than 2.4 KHz., no shift pulse will be lost and the phase of the 
inverter output will be delayed exactly 7 . 5 degrees for every 
shift pulse sent to Counter 2 when it is in the up-count mode.
7.2.3 Frequency Range of Inverter During Shift Operations
During a train of shift pulses, or if the shift pulses are 
applied continuously, the coincidence detector will supply the 
inverter at a frequency differing from 300 Hz., and so the frequency 
of the three phase supply from the inverter will be changed.
If the frequency of the shift pulses is fs KHz. the 
frequency fc of coincidence pulses will be given by:
2.4 + f
2.4 x 300 Hz. (7.1)
where fs is positive when Counter 2 is counting down and negative 
for up-counting. Since the maximum allowable frequencies for both 
up and down counting are 2.4 KHz., fc has a range from 0 to 600 Hz. 
This gives the range of frequencies for the inverter’s output 
voltages from 0 to 100 Hz. The upper frequency limit could be 
increased by increasing fs, as discussed in Sec.(7.2.2.I).
Therefore, if the maximum shift pulse rate is to be used in 
practice to control an inverter, the inverter must be designed to
2 6  7>
handle sufficient current and voltage over the frequency range from 
0 to 100 Hz.
7.3 Experimental Operation
Details of the construction of the phase shifting circuit 
are given in App.10. Standard T.T.L. gates and flip-flops were 
used for the comparison and counting circuits, and no high tolerance 
or non-standard components were required.
In the absence of any shift pulses, the phase relationship 
between the inverter 3-phase output and the 3-phase mains is 
determined by the ability of the phase lock loop to maintain a 
constant phase difference between the 50 Hz. reference and comparison 
waveforms fed to the phase detector in Fig.(7.1.1). Under normal 
operating conditions the variation of the phase of the output voltage 
from the inverter relative to the mains voltage, which was introduced 
by the phase lock loop, was less than ±.5 degrees for the circuit 
tested experimentally. In the presence of large ambient temperature 
variations however, extra circuitry would be required to ensure that 
the phase lock loop did not introduce spurious phase variations 
(App .1 0.1 ).
The phase detector and filter shown in Fig.(7.1.1) introduce 
a 100 Hz. ripple into the phase of the inverter output (App.10.I). 
However, it was necessary in practice to use only a first order 
fi Iter to reduce this ripple; so that the resultant variations in 
the phase of the output from the inverter were less than ±.05 
degrees at 50 Hz.
The operation of the phase shifting circuit was checked by 
comparing a reference 50 Hz. square wave from the mains with one of
the 50 Hz. square waves applied to an S.C.R. of the inverter. It 
was found that every pulse sent to the shift pulse line gave a 
phase increment between the two waves of exactly 7 . 5 degrees.
In addition, when the relative phase of the two waves was noted, 
and pulse trains of 48 pulses (or multiples of 48 pulses) at any 
frequency less than 2.4 KHz. were fed to the shift pulse line, it 
was found that at the completion of each pulse train the two waves 
were at their original phase difference. This is as expected for 
correct operation because (48 x 7.5) = 360 degrees. No shift pulse 
was ever lost whether the phase was advanced or delayed, provided 
the shift pulse frequency was less than 2.4 KHz. These tests could 
all be performed without having to operate the inverter.
When the shift pulse line was supplied at a constant frequency, 
the output frequency of the inverter varied as described in Eqn.(4.l). 
When supplying shift pulses at frequencies very close to 2.4 KHz., 
however, the relative drift between the shift pulse supply and the
2.4 KHz. pulse train produced by the phase lock loop (Fig.(7.I.I)) 
caused the instantaneous frequency of the shift pulses to sometimes 
exceed that of the 2.4 KHz. pulse train. In practice therefore, 
this effect prevented frequencies of exactly 0 or 100 Hz. being 
reliably obtained at the inverter’s output.
Both the TSIM of Chapter 4 and the single unit TSIM of Chapter 
6 were operated as stepping motors using the inverter described in 
Sec.(4.2.2). The phase shifting circuit was used to control this 
i nverter.
The TSIM made up of two machines (Chapter 4) is stable at 
zero speed, but not at low non-zero speeds. It was found that
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if the shaft of this TSIM was not kept continuously moving by the 
shift pulses, then fine control over the shaft position could be 
achieved. Each shift pulse caused a shaft movement of the order of 
two mechanical degrees, with the direction of movement determined 
by the up-down control (Fig.(7.I.I)). The mechanical movement 
obtained for each shift pulse was not precisely 1.875 degrees 
(Sec.(7.2.I)) because of torque variations due to friction. However, 
the changeinshaft position caused by a pulse train of any length 
could always be specified to within two mechanical degrees by 
knowing the number of pulses in the shift pulse train. This operation 
of the TSIM as a stepping motor was not affected by any constant 
motoring or generating torque (within its pull-out torques) applied 
to it.
Similar results were obtained with the single unit TSIM 
operating at constant torque, except that this machine could run 
stably at low non-zero speeds. This allowed the shift pulse line 
to be used to vary the inverter output frequency (Sec.(7.2.3)) and 
the TSIM speed. Again it was found that the change in shaft position 
caused by a shift pulse train of any length could be specified to 
within two degrees by knowing the number of pulses in the train.
When operating the TSIM as a stepping motor, the maximum 
frequency limit allowed for the shift pulses is not necessarily 
determined only by the 2.4 KHz. limitation set by the phase shifting 
circuitry. If the inertia of the TSIM and its associated load is 
large enough, the TSIM may not be able to produce enough torque to 
accelerate sufficiently quickly to avoid losing synchronism, if a 
change in the shift pulse frequency is made too rapidly. When the
Zbu
TSIM is used in a position control system requiring maximum ¡'ate 
of change of position, therefore, a limited ion on fhe rafe of change 
of frequency of the shift pulse train may be required lo avoid loss 
of control over the TSIM. This limitation would be a function of 
the TSIM pull-out torques and the inertia of the rotating parts 
of the TSIM and its load.
7.4 Cone I us i on
A phase shifting circuit for use with the TSIM has been 
described and successfully built and tested. This circuit will 
advance or retard the phase of a 3-phase inverter output relative 
to the mains by an amount exactly equal to the number of shift pulses 
sent to it multiplied by 7.5 degrees. In principle, smaller increments 
than 7 . 5 degrees can be obtained using extra circuitry (Sec . (7.2 .I)).
For the circuit which was built and tested,the instantaneous 
frequency of the shift pulses must not exceed 2.4 KHz., and during 
phase shifting operations the inverter output frequency can span the 
range from 0 to 100 Hz. (Sec.(7.2.3)).
In principle the circuit can be modified to increase the upper 
frequency limit of 100 Hz. on the inverter output, and the upper 
limit of 2.4 KHz. on the maximum shift pulse rate for phase 
advancing (Sec.(7.2.2.I)).
When this circuit was used with the experimental TSIM’s, it 
was shown that the machines could be made to operate as open loop 
position controllers. At constant torque the position of .he 
shaft of the experimental machines could be moved either clockwise 
or anticlockwise to within two mechanical degrees of a position 
specified by the number of pulses in a pulse train. This centre I was
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achieved without the necessity for any sensing of the shaft position.
It has therefore been shown that electronic control over the 
shaft position of the TSIM can be implemented readily. This allows 
the TSIM to be operated as an open loop position controller capable 
of fine control over its mechanical shaft position. The advantages 
of the TSIM considered as such a stepping motor include its 
constructional simplicity, since no brushes, commutators or slip 
rings are required. In addition, as discussed in previous chapters, 
at zero speed it can produce close to I p.u. torque for rated current, 
and it also has large pull-out torques at standstill. Furthermore, 
there is no theoretical upper limit to the size of stepping motor 
which can be built, in contrast to variable reluctance stepping 
motors36.
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CHAPTER 8 : SUMMARY OF CONCLUSIONS
8.I Cone I us i ons
1+ is shown in Sec.(1.3) that the TSIM can be built as a single 
unit machine with no slip rings or brushes, and with a single stator 
winding. In addition, it can be constructed with a cage rotor which 
is only a little more complicated than that for an ordinary squirrel 
cage induction machine. This machine is potentially capable of 
variable speed synchronous operation over a wide speed range (e.g., 
0-3000 r.p.m. for the experimental single unit TSIM), with its speed 
being controlled by the frequency of one of its supplies.
An analysis of a TSIM is presented in Chapter 2, and several 
conclusions about the dynamic performance of the TSIM, based on 
this analysis, can be made as discussed in Chapter 3. These 
conclusions are summarised in Sec.(3.10) and include the following:
(1) The TSIM is inherently unstable over much of its operating range.
(2) The natural response of the TSIM is usually very underdamped, 
with this response being a function of speed rather than torque.
(3) Changes in the TSIM design constants, within ranges which are 
likely to be achievable in practice, cannot remove all the 
inherently unstable regions of TSIM operation.
(4) A change in a TSIM design constant typically changes the 
damping and frequency of its natural response, but this response 
usually remains underdamped.
(5) The TSIM natural response can be altered considerably, and 
most of its unstable operating regions stabilised, by several 
velocity feedback schemes.
(6) The response and instability of the TSIM can also be affected 
considerably by current feedback. In particular, the TSIM can
be made to have an overdamped response with a known time constant 
over most torques and speeds in its operating range. This feedback 
is simple to implement (Sec.(4.6 .5)) and requires no extra 
mechanical equipment to be attached to the TSIM.
(7) The dynamic characteristics of the TSIM can be affected by 
voltage increases to maintain rated flux, by impedance in its 
supplies, and by friction. In particular, friction can prevent 
unstable operation about zero speed.
The experimental work discussed in Chapters 4 and 5 verified 
much of the theoretical analysis (Sec.(5.6 )). In particular, the ways 
in which the various feedback schemes affected the response of the 
experimental TSIM were well described by the theory. The best feedback 
scheme to use depends on the type of response desired, and on other 
practical considerations such as ease of implementation and allowable 
drift of the steady state speed (Secs.(5.4.4) and (5.5.1)).
The work in Chapter 6 (summarised in Sec.(6.7)) demonstrated that 
the TSIM can be built in a single frame and successfully operated over 
a wide speed range. In addition, it was found that the theory developed 
in Chapter 2 provided useful information about the practical operation 
without feedback of this single unit TSIM. It was also found that the 
theoretical evaluation of the effect of phase lag current feedback 
proved applicable to this machine. This feedback stabilised the single 
unit TSIM, and could be used to control its dynamic response over a 
wide torque-speed range.
The analysis of small perturbations of the TSIM has therefore 
proved very useful in predicting the behaviour, with and without
feedback, of both the oxpor i monte I TSIM’s. both theory end experiment 
her shown that the TSIM ('an bo operated successfully, will) controllable 
dynamic characteristics, as a variable speed synchronous machine over 
a wide speed range.
In Chapter 7, a circuit designed to enable fine, open loop control 
over the TSIM’s shaft position was discussed. This circuit was used 
successfully to demonstrate the potential of the TSIM in such a stepping 
motor application (Sec.(7.4)). One advantage of the TSIM considered as 
a stepping motor is that there is no theoretical upper limit on the 
size of machine which can be built.
8 .2 Suggestions for Further Research
The success of the operation of the experimental TSIM’s 
justifies investigation of different types of winding arrangements 
which optimise the TSIM’s performance. Such factors as efficiency, 
harmonic content, best use of slot space and relative flux densities 
of the two rotating fields need to be taken into account when designing 
a machine for maximum power and efficiency. Several suitable winding 
configurations are discussed in Sec.(1.3). Further examination of 
suitable cage rotors is also desirable so that the performance of a 
sinqle unit TSIM, which is only a little more complicated 
constructionally than an ordinary squirrel cage induction motor, can 
be evaIuated .
Even though the analysis considered in Chapter 2 applies to 
a two machine TSIM, it was found to be applicable in many respects to 
the single unit TSIM considered in Chapter 6, despite the high harmonic 
content of the currents in this machine (Sec.(6 .3)). The conclusions 
of Secs.(3.4.7) and (3.4.8), concerning the effect of design constants 
on the TSIM’s dynamic performance, could therefore be taken into account
7 1 I
when designing new single unit TSIM’s in order to optimise their 
responses and their stability regions. In particular, the total 
leakage inductance in a TSIM should be minimised to increase the 
inherent damping, particularly at low speeds (Sec.(3 .I 0 )).
It has been shown that it is possible to control and stabilise 
the TSIM’s response using feedback. Several alternative feedback 
schemes could be evaluated theoretically and tested experimentally to 
examine further the degree to which the TSIM dynamic response can be 
controlled. For example, phase lag current feedback showed a torque 
dependence which could be undesirable in some applications, whereas 
velocity feedback was relatively independent of torque. Therefore, 
feedback schemes involving both velocity and current could be tested to 
see if a scheme could be devised which combined the advantages of both. 
In addition, feedback using other TSIM quantities, such as phase current 
or supply voltage amplitudes, could be examined to see whether a torque 
independent scheme could be found which required no measurement of 
shaft speed.
Since the analysis of phase lag current feedback, which is an 
analytically comp Iicated scheme, gave accurate results experimentally, 
the small perturbation analysis could be used to evaluate even quite 
complex feedback schemes for their effectiveness.
Further investigation of operation of the TSIM at speeds where 
there are very low supply frequencies to Stator 2 is also necessary, 
if control in this speed range is desired. The eigenvalues typically 
underwent large variations with speed in this range (e.g., at slips 
in the vicinity of S = 0.5 for the TSIM considered in Chapter 3), and 
so difficulty in implementing feedback in this region could be 
experi enced .
27?
Stepping motor operation of the TSIM could be further examined 
to determine the full capability of the TSIM in this mode. It is 
possible that an inherently more stable TSIM stepping motor could be 
designed if its leakage inductance could be reduced sufficiently 
(Sec.(3.4.8)), although its response is likely to rema i n underdamped. 
Therefore, stepping motor operation using feedback is desirable.
Feedback schemes which can be coupled to the circuitry discussed 
in Chapter 7, so that open loop control of the TSIM shaft position 
remains possible, are preferable so that no means of monitoring the 
shaft position is necessary. This could be achieved, for example, 
by using a TSIM current magnitude to generate feedback pulses.
These pulses would be fed to the phase shifting circuit of Chapter 7 
in addition to the shift pulses used to change the shaft position. 
These feedback pulses would need to be counted and extra pulses 
added, if necessary, so that the final steady state shaft position 
would still be exactly determined by the number of shift pulses 
sent to the TSIM.
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appendix I
Transformations of Induction Machine Equations 
The transformation used here to transform 3-phase winding 
a-b-c quantities to 2-phase winding a-B-y quantities, where the 
ot-axis coincides with the a-axis, is given by36:
Cfabcl - [C] CfaByl ( AI . I )
where:
Cc] =
l-faBy-l =
The quantities f f' can represent voltages or currents.
For the three wire systems under balanced conditions considered here, 
f y 0 .
Because :
fa fa
f3 Ë^abc-I fb
fy ^c
-V2
0 V
•*/2 %
-* h.
(Al.2)
[C]+ = t e f
where [Cjf is the transpose of [C], 
it can be seen from Eqn.(AI.I) that:
fa0Y = [C]+Cfabc: (AI'3)
These transformations are power invariant, i.e.,
Va'a + vb'b + vc'c = va'a + v3 ' 3 (AI.4)
where v and i are the phase voltages and currents respectively, as
shown for the a and a phases on Fig.(AI).
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A L I  3-PHASE a-b-c WINDINGS
R
1OC
VoC
r r m
p
Al.2 2-phase a - e  tr an s f o r m a t i o n
A l . 3 d-q TRANSFORMATION
FIGURE Al D iagrammatic re pre se n t a t i o n of
MACHINE TRANSFORMATIONS
?8 I
Using these transformations the equivalent two phase 
nduction machine equations become36:
vas ^s + Ls p 0 Mpcos0r -Mps i n0
vBs 0 Rs + Ls p Mps i n0r MpcosGp
var Mpcos9r Mps i n8r Rr + Lr P 0
vBr -Mps i n0r Mpcos0r 0 Rr + Lr
i
'as
'Bs
•ar
'3r
(A I.5)
The subscript s indicates stator quantities and r indicates rotor 
quanti ties.
p is the differential operator
R, L are the per phase resistance and seIf-inductance 
respecti veIy.
M is the mutual inductance between stator and rotor.
8r specifies the position of the rotor measured from some 
stationary reference axis R, in electrical radians/sec.
In general, the voltages, currents and rotor position are 
time dependent. These time varying quantities can be eliminated 
using transformations to d-q quantities, referred to an axis at 
0C from a stationary reference axis R (Fig. (AI.3).
Transformations which do this are :
fds fas
.fqS.
ii i—
i
0 10 1 
_1
fBs
"̂ dr = Ccr]
âr
q̂r fBr
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where :
[Cs]
cos 9C sin 9C 
- sin 0C cos 9C
Ccr]
cos(9c-0r) s i n(6c-0r) 
- sin(9c-9r) cos(0c-0r)
(Al.7)
In general, 0C and 9r are functions of time, as shown later.
The transformation given by Eqn.(AI.6) also defines the 
transformation applied to the impedance matrix in Eqn.(AI.5). The 
action of the operator p in Eqn.(AI.7) on the time dependent 
transformations ECSH and CCrl must be taken into account when 
transforming this impedance matrix31'36.
This d-q transformation is power invariant, i.e.,
V a  + v3'8 = vd ' d + vq iq
The machine equations under this d-q transformat ion are 
given in Reference 31 and are as follows, expressed in the notation 
used here:
vds Rs + Ls P -LS P9c Mp -Mp6c ' ' ds
vqs Lsp9c Rs + Ls P Mp6c Mp *qs
vdr Mp -Mp(0c-8r) Rr + Lr p -Lf-p ( ®c”®r ̂ * dr
vqr Mp(9c-0r) Mp Lrp(6c-9r) Rp + Lp p * qr
The particular choice of 0C made in Reference 31. a 1 i gns the d-q
axes with the stator applied voltages. A different choice must be 
made for each of the two induction motors of the TS1M however, if 
the equations for each machine are to be simply interconnected (as
discussed i n App.2).
The electromagnetic motoring torque per pole pair of each 
machine is given by31:
T i qs'dr " * ds > qr) (A I.9)
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APPENDIX 2
Combination of Equations for Machine I and Machine 2
to form Equations for the TSIM
Before the sets of equations for Machines I and 2 can be 
combined, the relationship between the rotor voltages and currents 
of the two machines, as expressed in the d-q reference system, must 
be found. These relationships depend not only on the rotor 
connections made between the two three phase induction machines, 
but also on the choice of reference angles 0c (Fi g . (A I . 3)).
In the following, the subscript I is used to refer to Machine I 
quantities, and 2 to Machine 2 quantities, and all angular 
measurements are in electrical radians, except where otherwise 
specified. The reference axes R| and R2 are aligned with the a-phase 
of the stators of Machines I and 2, and the angles 9r| and 0r2 specify 
the position of phase "a" of the rotors of Machines I and 2 as shown 
in Fig.(A2).
The constraints on the rotor voltages and currents for star 
connected rofors can be seen by inspection of Fig.(A.2). If all 
the rotors are delta connected, they can be replaced by their 
equivalent star connections for the balanced conditions considered 
here. These constraints are, by inspection:
i ar I - “ <ar2 var 1 - vcr 1 = var2 " vbr2
• br 1 = "i cr2 vbr 1 ~ vcr! - vcr2 ~ vbr2
i er 1 = “'br2 var 1 " vbr 1 - var2 “ vcr2
Using Eqn.(AI.3), with the y-components zero, the expressions 
for the rotor two phase voltages in terms of the rotor three phase
Ma c h in e  1 Ma c h in e  2
FIGURE A2 TSIM rotor connections
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voltages become:
varl
= ^
5 ^ v arl v b r 1  ̂ + 2 ^v arl v crl'
v ßrl ^  < V b r  |-VC(- | )
va r 2 2 (va r 2 " v b r 2 ) + J < V a r 2 - v c r 2 >
v ßr2 (vb r 2 - v c r 2 )
L J
Substituting Eqn.(A2.l) into Eqn.(A2.2), it can be
(A2.2)
seen that:
V f var2
. V ß r l .
’v3r2
Similarly:
'arl -iar2
V 1. _ißr2 _
(A2.3)
The three phase voltages in Eqn.(A2.l) are written:
varl =■ vr cos 0S
vbr | ■= vr cosiOg-^7/̂ )
(A2.4)
vcr 1 = V cosCOs-^7/̂ )
This gives (+)ve sequence a-b-c rotation of the rotor voltage 
phasor in Machine I, and Vr is the rotor voltage amplitude.
Substituting the 3-phase rotor voltages of Eqn.(A2.4) into 
Eqn.(A2.2), and simplifying, gives:
var I
V I
= Vr
cos 0S 
sin 0S
(A2.5)
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Us ing Eqn.(A2.3)
var2
vBr2
and Eqn.(A2.5):
cos0s 
-s i n0s
^  V r (A2.6)
In order to express the machine equations in terms of 
d-q quantities (App.l), the rotor quantities must be further 
transformed using Eqn.(AI.6 ). This gives for Machine I:
vdr 1
= vr
cos(0c |-0p |-0S)
vqr 1 —si n(0 .-0 , - 0  ) _ cl r| s
and for Mach i ne 2 :
(A2.7)
v
v
dr2
qr2
/%  vr
cos(0c2~0r2+0s^
-s Î n(9C2“®r2+^s ̂
(A2.8)
In general, 0r |, 0r2 and 0S are time varying quantities.
T ii e s e a re written:
Or 1 = w r |t + 0R| + A0r |
er2 = 03r2t + 0r 2 + A0r2 (A2.9)
Os = COgt + 0y + A0S
where :
A0r | A0r2 and A0S represent the small perturbâtions of 
0r |, 0r 2 and 0S about their steady state values 0r|O> ôr20> 0sO- 
In the steady state, A0r |, A0r2 and A0S are zero. Therefore:
6rlO - w rl+ + 0R|
Or 20 = wr2+ + eR2 (A2.10)
es0 - (1)51 + 0y
o)r |, a)r2 and tos are constants in the steady state.
0R| and 0R2 are constants which specify the displacement 
of the rotor from the stationary reference axes R|, R2 at time t = 0 
(Fig.<A2)).
0V is a constant which specifies the rotor voltages at time
t = 0 .
A definition of 0C | and 0C2 is required which will remove 
time varying terms from the steady state equations for the TSIM and 
give a mathematical relation between the TSIM rotor quantities, both 
during small perturbations and in the steady state.
The following choices for 0C | and 0C2 are made:
©cl = 0rl + <%+ + ©civ
(A2 .I I)
©c2 = ©r2 " <*>s+ + ©c2v
where ©civ and ©c2v are constants, yet to be specified, which define 
the position of the d-q axes relative to the reference axis at 
time t = 0 ,
Substitution of Eqn.(A2.9) and Eqn.(A2.il) into Eqn.(A2.7) 
and Eqn.(A2.8) gives:
v̂ jpi = ^ ¡2 Vr cos (©civ ~ ©V “ A©s)
varl = Vr si n(0c | v - 0y - A0S )
H (A2.I2)
vdr2 = ^ v r cos(©c2v + ©V + A0S)
Vqr2 = Vr s i n(0c2v + ©v + A©s)
Similar expressions for the rotor currents are derived using 
the same transformations. The 3-phase rotor currents for Machine I 
are written similarly to Eqn. (A2.4) so that:
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*ar 1 = I r COS 0s i
' br 1 - Ir cos < 0.- j -  2\ )
’ cr 1 ■= I r cos(0, ;*> l -  4% )
This givens (+)ve sequence a-b-c rotation of the rotor currents 
in Machine I. 0S { is written similarly to 0S, Eqn.(A2.9) so 
that:
esi “ ^ s i + + 8j + A9S j
where 0j specifies the rotor voltages at time t = 0 .
(%{ is the steady state rotor current frequency.
A0S; represents the small perturbations of 0s j about its 
steady stale.
In the steady state, the frequencies of the rotor voltages 
and currents are equal, and A0sj = 0. Therefore:
ws i ~
Using the definitions for 9c j and 0C2 given in Eqn.(A2.I I) 
the d-q components of the rotor currents are:
drl = ^ 2. Ir cos(0C Iv - Bj - A0s i) 
qrl = ~ ^ 2  Ip sin(0clv - 0J - A0si ) 
dr2 = Ir cos(0c2v + Bj + A8S i ) 
qr2 = Ir si n(Bc2v + Bj + A0sj)
(A2.15)
In the steady state there are no perturbations of the machine 
quantities. With Vr and Ip constant in the steady state, and with 
A9S = A9s j = 0, it can be seen from Eqn. (A2.I2) and Eqn.(A2.13) 
that all time varying quantities in the steady state rotor voltages 
and currents have been eliminated by expressing them in d-q 
quantities.
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[ho parficular va I nos lor 0C I v and 0C?V chosen here, are:
0(_-1 v “ Ov - 1T/2 
ec2v = “0V - \
( A2. M)
Substitution of Eqn.(A2.l4) into Eqn.(A2.12) and Eqn.(A2.l3)
g i ves:
vdr 1 - vdr2 = Vr cos(A0S + \ )
vqr 1 - vqr2 = y/r%  Vr s i n( A0S + v (A2.15)
' dr 1 " 'dr2 = Ir cos(0y - eI " A0si - ï/ )7
'qrl = _iqr2 = Ir si n(0v - 0j - A0s j - ï/ )7
Eqn.(A2.l5) gives the relationships between the rotor quantities 
which allow the equations of Machines I and 2 to be combined fo form 
equations describing the TSIM.
If Eqn.(AI.8) is applied to both induction machines making 
up the TSIM, with the subscript I for Machine I and subscript 2 
for Machine 2, these two sets of equations can be combined using the 
relations between the rotor currents, given in Eqn.(A2.l5), to 
form:
l vq J - [z T] [ I  rl (A2 .16)
where :
Rsl LS 1 P “t-sl p0cl M 1 P
Lsl Pecl Rsl + Lsl P M 1 P0C |
M 1 p -M| p(0C |-0r|) Rr| + *-rl P
M i p(0C |-0r 1 > M| p Lr 1 P(0c r 0rl >
0 0 Rr2 + Lr2 P
0 0 Lr2 P(0c2“0r2)
0 0 M2 p
0 0 M2 p0c2
vds I 
vqs I 
vdr I
[VT]
vqr I 
vdr2 
vqr2 
vds2 
vqs2
-M, p6c , 0 0
M| p 0 0
”Lr 1 D (0C 1-0r 1 ) 0 0
Rr 1 + Lr | p 0 0
l-r2 P^0c2“0r2 ^ M2 p -M2 p(0c2"0r2 )
“Rr2 “Lr2 P M2 P (0c2“0r2 ) M2 p
+m2 P0c 2 r s 2 + ls2 P ~Ls2 P0C2
~^2 P ls2 P0c 2 " Rs 2 + Ls 2 P _
c i t d
‘ ds I 
'qs I
' dr I 
1 qr I 
1 ds2 
[qs2_
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Expressions for the TSIM stator voltages are derived in a 
manner similar to that for the rofor voliages. lor Machine I, 
the 3-phase voltages are as followsiEig.(Al.I)):
v a s l = V s l c o s 9 I
v bs| If)
>II c o s (8, -  21r/3 )
v c s l CO
>II c o s (8| -  4 \ )
0 i is written so that:
0 j - cu 11 + 0|v + A81 (A2.17)
where:
A0j are small transient perturbations in 0 j 
a)| is the steady state frequency of the applied Machine I 
voltages, and is constant in the steady state.
0 jv specifies the value of 0 j at time t = 0 .
Transforming these 3-phase quantities to d-q quantities 
and using the transformations Eqn.(AI.I) and Eqn.(Al.6) applied 
to Machine I stator quantities, gives:
vdsl
qs
si
c o s < e C | -  8 , )
-sin(8c j - 8 j)
(A2.18)
The 3-phase voltages supp 
similarly, with 02 in place of 8 
02 = (i) 2+ + 02v + ^ 2
ied to Machine 2 are specified 
, so that:
(A2.19)
where:
A02 are small transient perturbations in ©2 *
a>2 is the steady state frequency of the applied Machine 2
stator voltages and is constant.
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02v specifies the value of ©2 at time t = 0.
The Machine 2 stator voltages become, in the d-q reference 
system:
vds2
vqs2
= v2 s2
c o s ( 6C 2 -  02) 
-sin(0c2 - ©2)
(A2.20)
The TSIM electromagnetic torque can be simply found by summing 
the torques from both Machines I and 2, using Eqn.(AI.9). The total 
TSIM electromagnetic torque, Te , is given by:
p I <  ̂ > # P2
_ —  M| (iqsMdr l” 'ds I 'qrl ) + ~  ^2 ^'qs2 'dr2“ ids2 'qr2 )
where P|, Vy are the numbers of poles of Machines I, 2.
Substituting for idr2 and I p in terms of id  ̂ and iqr |, from 
Eqn.(A2.I 5), g i ves:
p | . . < > P2
Te = ~y  M | < iqsl 'drr'dsl 'qrl ) + ~  M2( 1 qs2 ' dr I + 'ds2 ' qr I )
(A2.2I)
The equations describing the dynamic behaviour of the TSIM 
are now completed by considering the dynamics of the machine’s shaft.
If there is an applied torque Tm opposing Te , the equation of 
motion of the TSIM shaft is:
CTe - Tm) = J p2 erm (A2.22)
where:
J is the mass moment of inertia of the rotating parts of the
TSIM.
p 0rm is the angular velocity of the shaft, measured from some
stationary reference axis, and expressed in mechanical radians/second.
2 _ d2
p - <lt2
294
Eqn.(A2.20) shows that the second derivative of shaft position 
appears in the TSIM differential equations. Because first order­
differential equations are desired, a new variable 0 is defined 
so that:
0X = p epm (A2.23)
The torque equation, Eqn.(A2.22), therefore becomes:
(Te - Tm ) = J p 0X . (A2.24)
Eqn.(A2.l6), Eqn.(A2.23) and Eqn.(A2.24) are the single order 
differential equations describing the electromechanical dynamic 
behaviour of the TSIM.
APPENDIX 3
TSIM Equations in the Steady State
In the steady state, all perturbations are zero, and the TSIM 
quantities are at their steady state values, indicated by the 
subscript zero.
Putting A0S = 0  in Eqn.(A2.l5) for the rotor voltages and 
currents:
vdr 10 = vdr20 = 0
vqr 10 = vqr20 II a£
l
< ”1 o
idrlO = i dr20 = I r0 cosiSv - 0i - "/ ) '2
*qr 10 = -iqr20 = IrO sin (0v - 0i - )'2
(A3.I)
where VrQ and Ipg are the steady state amplitudes of the rotor 
voltages and currents.
Putting A0r | = A0r2 = A0S = A0| = A02 = 0 in Eqn.(A2 .9 ), 
Eqn.(A2.l7) and Eqn.(A2.l9) and differentiating, the values of the 
following steady state frequencies are:
p0rlO = UN 
p0r2O = wr2
p0sO = a)s (A3.2)
p0|O = o)|
P02O = <*>2
D ifferentiating E q n .(A 2 .ll) , and substituting for p0r 10 and 
p0r 2O f rom Eqn.(A3.2), gives:
Pecl0 = Perl0  + = ^rl + ws
(A3.3)
P0c2O = P0r2O *"<*% = ajr2 " ws
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In the steady state, with the TSIM operating synchronous Iy, 
the stator and rotor fluxes in each of Machines I and 2 must be 
stationary relative to each other. Therefore:
ü)r i + u)s = 0) j
tüp2 ~ tüg — o)2
(A3.4)
To find expressions for the steady state stator voltages, the 
values of 8C j and 6c 2 are examined. Substituting 0r( and 0r 2 
from Eqn.(A2.9) in the expressions for 8C | and 0c2, Eqn.(A2.I I), and 
using the relations in Eqn.(A3 .4 ), gives:
8C | = W|+ + 0c)v + 0ri + A0r(
0C2 = <*>2+ + ©c2v + ©R2 + A0r2
Using these relations and the expressions for 0 ( and 02, Eqn.(A2.17) 
and Eqn.(A2.19):
©cl " 9, - 8c Iv + 0R| - ©iv + A0r | - A0j 
©c2 ~ ©2 = ©c2v + ©R2 " ©2v + A©r2 ~ A©2 
Defining the constants 6\ and 62 so that:
(A3.5)
5 1 - ©clv + © R | - © l v
ô2 = ©c2v + ©R2 " e2v
(A3.6 )
and putting all perturbations equal to zero, Eqn.(A3.3) becomes, 
in the steady state:
©c 10 " ©10 = A |
©c20 - ©20 = 5 2
(A3.7)
where 6 j and 62 are constants.
The stator voltages in the steady state become, by substitution 
of Eqn.(A3.7) into Eqn.(A2.18) and Eqn.(A2.20):
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vds 10
= ^  Vs | o
cos 8)
vqs 10 -sin 6|
— —
vds20
= Vs20
cos &2
vqs20 -sin 82
where Vs j q and Vs2o are the constant steady state amplitudes of the 
applied Stator I and Stator 2 voltages respectively. Eqn.(A3.8) 
shows that the applied stator voltages are made time invariant in 
the steady state by the choice of 0C | and 0C2 .
The steady state TSIM equations can now be written by 
substituting the steady state values for all the frequencies (given 
in Eqn.(A3.2), Eqn.(A3.3) and Eqn.(A3.4)) into CZy] in Eqn.(A2.l6). 
The unknown rotor voltage amplitude VrQ is eliminated by subtracting 
the equation for Vqr2g from that for Vqr|Q, sinee thesevoItages 
are equal (Eqn.(A3.I)). The steady state applied stator voltages 
(Eqn.(A3.8)) are used and the resultant steady state equations are:
VS|0 COS <S| Rs i 0 ~LS |0)|
0 0 Rrl ~M j tos
“Vs io sin 6 1 LS|ü)| M|0)| R$l
0 ss M|0)s Lr w s 0
VS20 c°s <$2 0 0 0
-VS20 sin Ô2 0 M2ÜJ2 0
0 0 Rr2 0
where: Rp 
lR
0 0
0 0
0 0
M2ü)s 0
r s2 ~Ls2a)2
Ls2ü)2 Rs2
0 M20)s
—M j a> i
idslO
“ Lplws
'drIO
0
' qs 10
r R
' ds20
0 1 qs20
Lr2“ s _
•qrlO
(A3.9)
= Rr| + Rr2 
= Lrl + Lr2
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Inspection of these equations shows that there are seven 
equations, with six unknown currents and two unknown angles 5 |, 5p.
The TSIM is a machine which runs synchronously when doubly fed, 
and so it has a load angle1, as does an ordinary synchronous 
machine. This is here defined to be $ electrical radians. The 
torque produced by the TSIM is a function of $, and so at any 
given speed the steady state condition of the TSIM can not be 
completely specified unless $ is defined, just as in an ordinary 
synchronous machine. It is shown in Reference I that t is the 
phase angle between the two supplies to the TSIM, as observed from 
the TSIM rotor. Thus $ is defined by a linear relationship between 
6 j and 6 2. To be consistent with Reference I, the load angle $ 
is chosen to be as follows:
$ = -6 | - 62 “ TT for 0)2 negat i ve
$ = -6 | - 52 for 0)2 pos i t i ve
(A3.10)
The difference of it rads, in the load angle definition when 0)2 
reverses its sign is simply a means of associating a positive 
(motoring) torque with a positive load angle $ over most of the 
TSIM operating range. When the fields in Machine 2 reverse their 
direction of rotation, the voltage induced in the rotor of Machine 2 
by the Stator 2 supply undergoes a 180° phase change.
To specify each steady state operating point of the TSIM, 
it is necessary to specify values for $ and the speed. "Sn is 
def i ned so that:
u)s = Su) | (A3.I I)
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All the frequencies may now be defined in terms of S, which is the 
slip of Mach i ne I.
From Eqn.(A3.4):
0)r | = ( I - S) 0)
^r2 ~ Six) |
(A3.12)
If the TSIM rotor speed is oorm mechanical rads./sec., then
= P|
2
P2
fa), fa)rm
(A3.13)
(A)r2 2 ^rm
Substituting fa)r | from Eqn.(A3. 13) into Eqn.(A3 . 12), and 
solving for a)rm in terms of faq gives:
fa)rm - p-j- ( I - S ) b) |
Using Eqn.(A3.12), Eqn.(A3.13) and Eqn.(A3.14):
(A3.14)
0)2 = co | P2 - S P2 + P| (A3.15)
Therefore, if o)| (the supply frequency to Machine I) is known, 
all the steady state TSIM frequencies are specified by S. If the 
load angle $ is also specified, Eqn.(A3.9) and Eqn.(A3.10) form 8 
equations with 6 unknown steady state currents and 2 unknown angles 
6 | and ¿2 * These can therefore be solved to find all the steady 
state currents and voltages of the TSIM for different values of 
the pai r ($, S).
The presence of the angles 6 | and 62 in sine and cosine terms 
in the applied stator voltages makes Eqn.(A3.9) non-linear, and 
an iterative computer solution was developed to solve it (Sec.(4.7)).
Once the steady state currents are known, the steady state torque 
corresponding to the particular chosen values for $ and S is found 
from Eqn.(A2.2l) as follows:
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Te0
PIM | .
2 u qsl0 ’drl0 idsl0 iqrl0 ) +
P2M2 /• .
2 1qs201 dr I 0 + 'ds2 0 'qr|0 ^
(A3.16)
The steady state D.C. current, Iq q q , flowing from a D.C. 
source of voltage Vq q q » into an inverter supplying Machine 2 can 
be easily calculated if the inverter is assumed to be lossless. 
Then:
Power flowing into Machine 2 from D.C. source = Power in Stator 2. 
Therefore, since the transformations used here are power invariant 
(App.I):
vDC0 iDC0 = vas20 ¡as20 + Vbs20 'bs20 
IDC0 = vas20 * as20 + vbs20 1 bs20 (A3.17)
Eqn.(A3.l7) is used in finding the theoretical curves for Iqco 
considered in Chapter 5.
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APPENDIX 4
Equations of Small Perturbations for the TSIM 
Some of the terms of the impedance matrix CZyH, Eqn.(A2.l6) 
have transient components. In particular, the terms of EZy] involving
P0c l , P0c2> P(6C| “ 0r P  ar>d p(0C2 “ 0r2) are investigated here.
From Eqn.(A2.9):
p6r | = o)r j + pAGpj
(A4.I)
p0r2 = wr2 + pA0r2
Differentiating Eqn.(A2.ll) and substituting for p0r | and p0r 2 
from Eqn.(A4.I):
p0c | = 0)rj + 0)s + pA0p ,
(A4.2)
p0C2 = w r2 - ws + pA0p2 
Substituting from Eqn.(A3.4): 
p0C| = W| + pA0r |
(A4.3)
p0c 2 = w2 + pA0r 2
The terms involving p0c | and p0c2 in CZy] therefore consist of their 
steady state components plus small transient perturbations.
Using Eqn.(A4.3), and Eqn.(A4.l):
p(0c | - 0r|) = wj - wr |
(A4.4)
p(0c 2 - 0r2 } = w2 " a)r2
and so the elements of dZy] involving p(0c | - 0r |) and p(0C2 ”0r2  ̂
remain constant during small perturbations.
EZy] can now be partitioned into separate matrices, CAZ-p],
[ L >  and CZj q D so that:
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HZ-pH - CZj q H + CL]p + EAZy] (A4.5)
where CZj q] consists of all the steady state terms of CZy], 
Eqn.<A2 .l6 ), so that:
Lsl 0 M| 0 0 0
0 Ls 1 0 M| 0 0
M| 0 Lr 1 0 0 0
0 Mj 0 Lrl 0 0
0 0 Lr2 0 m 2 0
0 0 0 ”Lr2 0 m 2
0 0 m 2 0 *-s2 0
0 0 0 -m 2 0 ls2
[z-roü =
Caz-tII =
Rsl _Ls l “ l 0
L S | Í Ü | Rsl M i co i
0, - M i (o)|-o)p| ) Rp|
M J (O lì J - O J p  J ) 0 - Lp i (co i —üíp i )
0 o R or2
0 0 Lr2^a)2” a)r2^
0 0 0
0 0 M 2 ü ) 2
0 -Ls , pAÔpj 0
Ls 1 pA0r j o NI, pA0p|
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 M2 pA0p2
—M i oo i • 0 0
0 0 0
—L P 1X co i —o>p i ) 0 0
Rr l 0 0
Lp2(u)2“Wr2^ 0 -M2(o>2"ü)r2^
-Rr2 M2(ü)2_a)r2^ 0
M2<a>2 Rs2 "Ls2(x)2
0 ls2(í)2 r s2 _
-M| pA0p| 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
M2 pA0p2 0 “Lg2 pA0p2
0 LS2 pA0r2 0
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The voltages CVy] and currents Ely] are also separated into 
steady state plus transient perturbations so that Eqn.(A2.l6) can 
be written:
[VyO + AVy] EZyg] + [L]p + [AZyH
- j
Elyg + Aly] (A4.6)
The steady state TSIM currents and voltages are D.C. quantities, 
and so:
D J p  [ITQ] = 0 (A4.7)
In the steady state all transient quantities are zero. Therefore, 
from Eqn.(A4.6) and Eqn.(A4.7) it can be seen that, in the steady 
state:
[Vy0] = [ZT0] [iyg] (A4.8)
Subtracting Eqn.(A4.8) from Eqn.(A4.6), and ignoring second 
order changes, gives:
[a vt] [Zyg] + [L]p CAly] + [AZy] [iyg] (A4.9)
The terms for the perturbations in stator voltages EAVyH are 
now examined. From Eqn.(A3.5) and Eqn.(A3.6 ):
0C | ~ 9| = 6j + A0r| - A0| 
8c2 “ 02 = ¿2 + A0r2 ' A02
(A4.10)
From Eqn.(A2.18):
‘ vds I
= VS |
cos(6 j t A0p j A0, ) ~
(A4.I I)
VqS | —sin(6 1 + A0r j - A0|)
Subtracting the expressions for v^gjQ, VqS jg given in Eqn.(A3.8) from 
Eqn.(A4.ll), ignoring second order products of perturbations, putting 
sin (A0j) = A0j and cos (A©r |)= cos (A0j) = I, gives:
Ôi >
Avds I 
Avqs I
- ^¡2 AV s
cos6 | 
-s i n6
^  Vs |O (A6rl-A0,)
s i n5 | 
cos6 |
(A4.12)
where AVS , = (VS | - Vs |0 ) 
S imi I ar I y :
Avds2
Avqs2
= V̂z avs2
COS62 
-s i n62
^ ¡2 ^s20^ c2- A®2^
s i n6 2~]
COS62
(A4.13)
The perturbations in electromagnetic torque are found by 
subtracting Teg, Eqn.(A3.l6), from Te , Eqn.(A2.2l), and then cancelling 
second order changes to give:
A ̂ e ~ Te ~ ^e0 ~ ^ IPI ̂ * qs 10A * dr I *drl0^'qsl "
2
‘dslO^'qrl “ 'qrl0A 'dsl0^ +
M2EZ(‘qs20AidrI + jdrlOAiqs2 +
2
ids20Aiqrl + 'qrl0A 'ds20^
(A4.14)
Small perturbations of the equation of motion of the TSIM shaft 
and load become, from Eqn.(A2.24):
ATe - ATm = J p(A0X ) (A4.15)
where by inspection of Eqn.(A2.23):
A0X - pA0rm
and A0pm is in mechanical radians.
The relationships between A0p| and A0r2 expressed in
(A4.16)
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electrical radians, and the perturbations in shaft position A0rm, 
which is expressed in mechanical radians, are:
A0r | = -j- A0rm
p, (A4.I7)
A0r2 = ~2 A0rm
Using Eqn.(A4.l7), all the transient perturbations in Eqn.(A4.l) 
and Eqn.(A4.4) can be expressed in terms of A0rm, Similarly, the 
terms in the perturbations in Stator voltages which are functions of 
A0r | and A0r 2 in Eqn.(A4.l2) and Eqn.(A4.l3) can be expressed in terms 
of A0rm.
Eqn.(A2.l5) gives relationships between the rotor voltages and 
currents which apply at all times, and so:
Avdrl = -Avdr2
(A4.18)
^vqrl ^vqr2
Eqn.(4.18) allows the four rotor equations in Eqn.(A4.9) to be 
combined by appropriate addition and subtraction to give two 
equations describing the rotor voltages and currents. If, in 
addition, Eqn.(A4.9) is expressed in terms of A0rm in accordance 
with Eqn. (A4 .'I 7 ), and combined with the differential equations 
describing the TSIM shaft motion, Eqn.(A4.15) and Eqn.(A4.16), the 
eight first order differential equations describing the electro­
mechanical behaviour of small perturbations of the TSIM become:
[AVD] = [Zq ] [AId] (A4.19)
where :
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[a vd]
[a i d] =
AVf)| cos6 | \ AT V(> | qs i n6 | AO |
*V si s i n6 | -t vs 10c°s6 |AO|
0
0
^  a v s2 COS62 + SV2 Vs2Osin62A02
AVS2 s i n$2 + v s 2Oc o s 62A02
ATm
0
Ai
Ai
Ai
Ai
Ai
Ai
A0
A0
ds I 
qs I 
dr I 
qr I 
ds2 
qs2 
x
rm
and [Zq U can be partitioned into two matrices [A] and [B[] so that 
[ZD] = [AH + [Blip where:
[A] =
RS| -LS|0J| 0 —M 1 a) 1
Ls I10! Rs 1 M |ü)| 0
0 -Mj (cüj-üirj ) rR -Lr 1 ( cü i —Clip i 
+ Lr2 (tü2"(A)r2
M i (ü)| -U)r i ) 0 Lr [ (ü)i —Clip i ) 
- Lr 2 (ü32~^r2 )
rr
0 0 0 M2«)2
0 0 M2W2 0
-MiPi.
— 2_L| qr 10
M iP i .
2 1 dr 1 0 ülPL,2 qsio 2 dsio
+M2p2 :
2 'qs20
+M0P0.
ds20
O O O o
o o Pi, . . Pl2 ”Ls 10 1 q5 io ~2 x
- M l'qrl0 ) ^VsiQSinói
0 0 P|n .~2 ~( *-s i 1 ds 1 0
+ M J ï dr 10)
P L xir-v^Vsiocosói
0 -M2 (íA)2_(jür2 ) 0 0
-M2 (a)2~(jür2 ) 0 0 0
Rs2 - L s 2“ 2 P2 (_ l 9 ¡2 Ls2 'qs20
+ M2 'qrl0 )
P2
X *
y V2Vs20sin ó 2
Ls 2ü32 rs 2 ~2 ~( l s 2 ‘ ds20 
+ M2 i dr 10)
PZ 
2 X
/72Vs20c o s52
m 9p9 .
- 2  ^ 1 q r 10
M2P2 •
2 1 dr 1 0 0 0
0 0 -1 0
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l-sl 0 M 1 0 0 0 0 0
0 L-s 1 0 M J 0 0 0 0
M J 0 lR 0 m 2 0 0 0
0 M i 0 lR 0 -m 2 0 0
0 0 m 2 0 ^s2 0 0 0
0 0 0 -M2 0 l s 2 0 0
0 0 0 0 0 0 -J 0
0 0 0 0 0 0 0 1
This partitioning of CZpl allows Eqn.(A4.l9) to be written:
fAVp] = [A] [Alp] + [B] [pAlp] (A4.20)
APPEN D IX  5
Inclusion of Rpc in the TS1M Equations
The amplitude of the first harmonic of the voltage supplied 
to Machine 2 by the inverter of Sec.(4.2.2) is related to the D.C. 
supply voltage Vqq (Fig.(2.I)) by: 
v = 2/5 VDC
sz 77
This relationship is here assumed to hold during transients so 
that:
AVs2 = ^ 3 _ A V dc (A5.I)
Expressing small perturbations of the applied Machine 2 
voltages, Eqn.(A4.l3), in terms of variations in the supply voltage 
AVdc i’he i nverter using Eqn.(A5.l) gives:
AV
AV
ds2
qs2
3/2 M# 
—  AVDC
COS 62
-sin 62
- VS20 A0r2
sin 62 
cos 62
(A5.2)
Because the machine transformations used here are power 
invariant (App.l), the power P2 into the stator of Machine 2 is related 
to the currents and voltages in Stator 2 by:
P2 " vds2 'ds2 + vqs2 'qs2 
Small perturbations of P2 can therefore be written:
AP2 = AV(js 2 i ds20 + vds20Ai ds2 + AvqS2 iqs20 + vqs20Aiqs2 (A5.3)
From Eqn.(A5.2) it can be seen that the voltage perturbations 
in AP2 can be expressed in terms of AVpq and A0r2- Then, by 
substituting for AP2 in Eqn.(2.13), an expression for AVqq is obtained
as f o i l o w s :
AvDC = kDC2
f-3/2
—  vDC0 Aer2(ids20 sin 62 + iqs2o cos 62) + 
vds20 A 'ds2 + vqs20 Aiqs2 (A5.4)
where: 
l<DC2
kDCI
- kDCI
3/2 3/2
1 " kDCI<'ds20 ~  cos &2 - 'qs20 —  sin 62 >
-Rdc
Vdco - Rqc IDCO
From Eqn.(A5.4):
3/2
—  AVDC = CR A6r2 + C| Aids2 + C2 Aiqs2 (A5.5)
where
CR
c i
C2
3/2
n
3/2
kDC2 -5-  vDC0( 'ds20 Sln &2 + ia<.70 005 62 )
3/2 .
—  (kDC2 vds20)
3/2 .v .
—  (K0C2 vqs20>
Eqn.(A5.2) shows that the AVs2 terms of the applied voltage 
perturbations in [AVq D, Eqn.(A4.20), can be expressed in terms of 
perturbations in A0r2, Aicjs2 and Aiqs2 by using Eqn.(A5.3). These 
AVS2 terms, appearing in the fifth and sixth rows of CAVq H, can 
therefore be removed to the right hand side of Eqn.(A4.20) by 
altering the fifth and sixth rows of [A] to form the system of 
equations describing the dynamic behaviour of the TSIM under the 
i nfIuence of Rq q :
co: [A oc] CAID]  + [ B ]  [p A ID] (A5.6)
where:
Adc (5, 5) 
aDC (5' 6) 
Adc (5> 8)
a d c (6, 5) 
Ad c <6 , 6 ) 
a d c <6, 8)
Al I the 
of D a
Eqn.(A5.6)
[pAlp]
A <5, b) - C| COS 6-2
A <5, 6 ) - C2 cos &2
A (5, 8) - P22 CR cos
A (6, 5) + C| s i n 62
A (6, 6 ) + c 2 s i n 62
A (6, 8) + £z2 CR s i n
2
62
corresponding elements 
(A5.7)
remaining elements of [Aq q ] equal the
is re-arranged to form;
- [EDc ] [AId ]
where
[ ^  = 1 [Ad c]
and the elements of [Ad c ], and so of [Eq q ], depend on Rq q .
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APPENDIX 6 : INCLUSION OF ROTATIONAL LOSSES AND FRICTION 
IN THE TSIM EQUATIONS
The torque equation, Eqn.(A4.l5), becomes, under the influence 
of losses described by Eqn.(3.IO):
(ATe - ATf) = JpA0x (A6 .I)
ATf therefore replaces ATm In [AVD], Eqn.(A4.l5), and since ATf Is 
proportional to Ap6rm, which equals A0X (Eqn.(A2.23)), it can be 
removed from [AVq ] to the right hand side of Eqn.(A4.20) to form:
[0] = [ApD [AId] + [B] CpAlp] (A6.2)
where: Ap (7, 7) = A (7, 7) - (K( + 2K2 u)rmo + 3«3 o)rm02 + ...) 
and the remaining elements of CApH equal the corresponding elements 
of [A].
Eqn.(A6.2) is rearranged to form:
CpAIDH = [Epl TAIp,] (A6.3)
where:
c e f] = -c b ]_ i CApH
For perturbations about zero speed, Ts in Eqn.(3.9) changes 
sign so that it always opposes the direction of shaft rotation, i.e., 
the torque, Tf g, opposing the shaft rotation becomes, from Eqn.(3.9):
T — P 0 ry
f[ --- —  (T + K , I p 0 I + K9(p0 r + . . . )  (A6.4)
l p0rml
for finite p0rm-
The steady state considered now is one where the shaft is 
stationary, and the coefficient of Ts in Eqn.(A6.4) is taken fo be 
zero. For small perturbations about this point, therefore:
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The matrix [Ep] in Eqn.(A6.3) 
the TSIM differential equations. I 
coefficients of the equation:
(A6.3)
contains the coefficients of all 
n particular, it contains the
pA6x = j (ATe - ATf) (A6 .6)
which is a rearrangement of Eqn.(A6.l).
When the Runge-Kutta method is used to solve the TSIM 
differential equations, Eqn.(A6.3), the sign of p0rm is checked at
is subtracted from the appropriate£§0 1. Je 
P$rm| —
every step, and the term 
equation in accordance with Eqn.(A6 .6). Thus, the TSIM transients
can be obtained for different values of Ts.
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APPENDIX 7 : FEEDBACK SCHEMES
7.I Effect of Feedback on the TSIM Equations
The small perturbations of voltage Introduced by the feedback 
schemes considered here are caused by changes in 02* Therefore, 
the non-zero terms in CAVq ] (Eqn.(A4.20)) caused by these feedback 
schemes, are those due to the Machine 2 supply voltages:
Vs2o s i n 62 A02 
VS2Q cos ^2 A02
(A7.I)
7.2 Phase Lag Velocity Feedback
The non-zero elements in the ninth row and column of CA(_yU and 
Eqn.(2.17), are:
ALV (9, 8) = ~-K|P2
A|_V (9, 9) = K|
Blv (9, 9) = I
where K| and K2 are in Eqn.(2.16). The remaining rows and columns 
of CAl vI and [B|_y] equal those of [A] and [B], Eqn.(A4.20).
The non-zero elements of [AVq ], Eqn.(A7.l), which appear on 
the fifth and sixth rows of [AVdH Eqn.(A4.20), are subtracted from 
both sides of Eqn.(2.17), thus altering the fifth and sixth rows of 
[Al vX  and its ninth column, to give a new matrix [A[_v f3 so that:
a lvf (5, 9) = vs20 sin 62
a lvf (6, 9) = Vs2o cos 62
(A7.2)
The remaining elements of EA|_v f H are equal to the corresponding 
elements of ElA|_yH. Eqn. (2. 17) therefore becomes:
[oH - Calv f ]  Ca idl] + Cb l vD [pAi^]
which is re-arranged to form Eqn.(2.l9).
7.3 Proportional Velocity Feedback 
From Fqn.(2.20) and Eqn.(A4.l7):
A62 = Kp A6rm (A7.3)
The terminal voltage terms Eqn.(A7.l) are removed to the fifth 
and sixth rows of a matrix [ApH so that:
Ap (5, 8) = A (5, 8) - Kp ^s20 s 'n 2̂
AP (6, 8) = A (6, 8) - Kp Vs2o cos 62
All the other elements of EApH are equal to the corresponding elements 
of [A].
The TSIM small perturbation equations fherefore become:
[0] = [Ap] [AID] + [B] [pAID]
CpAID] = [Ep] [AID] (A7.4)
where
[EP] = -[B] * [Ap]
7.4 Derivative Velocity Feedback
From Eqn.(2.22) and Eqn.(A4.l7):
A02 = kd A p0rm
From Eqn.(A4.16):
A62 = Ko ^  A0X (A7.5)
The terminal voltage terms Eqn.(A7.l) are removed to the fifth
and sixth rows of a matrix EApIl so that:
318
AD (5, 7) = A (5, 7) - M i  Vs20 sin 62
AD (6, 7) = A (6, 7) - M i  Vg20 CQS 52
The other elements of [Aq ] are equal to the corresponding elements 
of [A].
The TSIM small perturbation equations become:
Co] = CApH [a i d] + M  [pAip]
Re-arrangement produces:
[pAlD] = [Ed] [Alp] (A7.6)
where
[e d] = -EbT 1 [a0]
Aq (5, 7) and Aq (6, 7) depend on Kp, and so the eigenvalues of [Ep] 
are functions of Kp.
7.5 Phase Lag Current Feedback
If there are no losses in the inverter the power invariance
of the transformations used in App.l gives:
Power into Stator 2 = D.C. Power supplied to inverter
vds2 ■ ds2 + vqs2 iqs2 = VDC IDC (A7.7)
where Vpq and Ipp are the values of the D.C. supply voltage and 
current respectively. During transients, with Vpp constant, it 
can be seen by considering small perturbations of Eqn.(A7.7) that:
Alpp = (* vds2^'ds2 + 'ds2Avds2 + Vqs2AiqS2 + 'qs2^vqs2^
(A7.8)
Alpc 's therefore a function of the perturbed currents Ai(js2 >AiqS2 , 
as well as the perturbed Machine 2 supply voltages. If the amplitude 
of the Machine 2 supply voltages is constant the supply voltage
perturbations are functions of A0r2 and A02 (Eqn.(A4.13)). 
Substituting these supply voltage perturbations in Eqn.(A7.8), and 
placing the resultant expression for AIqq in the feedback law 
Eqn.(2.24), gives:
A~dt - K2Ivds20Aids2 + k2I vqs20Aiqs2 + KR A0r2 + *1^2
(A7.9)
where: K2i =
Kr = -K2| Vs20 (ids20 sin 62 + iqs20 cos 62)
KI = “kR “ K l
Kj, K2 are the feedback gains in Eqn.(2.24).
Eqn.(7.9) is the extra equation which varies the order of the 
TSIM smal l perturbation equations giving Eqn. (2.25), where [AVpi_] and 
[AIDL] are as defined in Eqn.(2.18), and:
a li (9, 5) = K 2 \ vds20
A li (9, 6 ) = K2|vqs20
M_J
<
(9, 8) = kr E2.2
a li (9, 9) = K!
b li (9, 9) = - 1
All the remaining elements in the ninth rows and columns of EA^jJ and 
[Bli] are zero. Elements in the other eight rows and columns of EA|_jl 
and CBl j] equal the corresponding elements in EA] and EB] (Eqn.(A4.20)) 
respecti vely.
The non-zero terminal voltage terms in EAVqi_H, given in 
Eqn.(A7.l), appear in its fifth and sixth rows and are subtracted from 
both sides of Eqn.(2.25) to give:
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l 0 ] - l"ALir J L ATn, | + [uu  | ( pAlin | u\l. 10)
where :
ALiF (5, 9) = Ali (5, 9) - Vs20 sin 62 
A|_IF (6, 9) = A(_j (6, 9) - ^Vz Vs2q cos 62
The remaining elements of CA^p] equal the correspondi ng elements 
of [A|_ill.
Eqn.(A7.IO) is re-arranged to form:
[pAlDL] = [ELi] [AIdl]
where :
CEl i ]  = CApj-pH
(A7.I I)
7 .6 Proportional Current Feedback
There are terms in Eqn.(A7.8) which are directly proportional to 
A02, and which arise from the voltage terms Av^^ and Avqs2 . When 
these are collected and combined with Eqn.(2.27) the expression for 
A02 becomes:
A02 = KPI(vds20Aids2 + vqs20Aiqs2 + KR A0r2} (A7.12)
where
Kpj Kp
VDC Vs2o n ds20 sin 62 + iqs20 cos 62>
Kr - Vs2o (ids20 sin 62 + iqs2o cos <S2)
Kp is given in Eqn.(2.27).
The non-zero terms in Eqn.(A7.l) are removed to the right hand 
side of Eqn.(A4.20), and the expression for A02, Eqn.(A7.l2), is 
substituted to form:
CoH = [api] CaiqH + CeG EpAlgH (A7.13)
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where
Api (5, 5) = A (5, 5) - VS20 s i n
Api (5, 6 ) = A (5, 6 > - ^h. Vs 20 s i n
Api (5, 8) = A (5, 8) - *^T Vs 20 si n
Api (6, 5) = A (6, 5) - ^  Vs20 cos
MCL
<
(6, 6) = A (6, 6 ) - Vs 20 cos
HCL< (6, 8) = A (6, 8) - Vs2o cos
Al 1 the other e 1ements
i 
iHCL
<1_
1
M—0 ] are equal to the
of [A], Eqn.(A4.20).
Eqn.(A7.l3) is re-arranged to form: 
CpAl^ = CEpjH []AIq]
-I[EPI] = -[bT '  [Api]
62(kP| vds20)
62 (kPI vqs20}
62 (Kp| !y- Kr )
62 (kP| vds20}
«2<I<PI Vqs20)
(S2 (kP| Sp Kr )
corresponding elements 
(A7.14)
where
APPENDIX 8 : COMPUTER PROGRAM TO FIND TS IM STEADY STATE
C FOFTPAN PPOGPAM TO SOLVE STEADY STATE TSIM EQUATIONS 
C FPFPUEMCIES V1*V?5 VOLTAGES V L V ? J  LOAD ANGLE A1*A3*#
C DELTA \&2 D1*DPJ STATOPS 1 &P PHASE CUFPENTS SI1*SIP;
C DC VOLTS & CUFFENT VDC*DCI; TOFDUE TT 
C
DIMENSION A(8*16)* X(7)* D(7)* D(7)* C(7*7)
DIMENSION E(9)*Y(R* 8)
V 1 = ?* 3 • 14 159*50 
Vl=1•??5*5R7
A 1 = “3•14159/A-3.14/?0 .
C PFAD MACHINF CONSTANTS J* PS 1 * M 1 * L 1 * PP 1 * PS P* M P* LP* FFP
C • (OHMS & HENFIFS; J=INFPTIA-USFD WHEN FINDING FI GENVALUES)
PEAD <5,3PC) i(E(I);I=l/9)
DO IP 1=1*7 
DO IP J= 1 * 7 
CCI* J) = 0 
IP CONTINUE 
DO P0 J= 1 * 7 
PP X(J)=P
C C IS STOPAGE MATEIY
C ( M )  = E(2)
C( 1 * 3 ) = - W 1 * E ( 4 )
C(1*7)=-FC3)*V1 
CCP*P) = F(5)
C( 2* 3 ) = -V 1 * F.< 3)
C(2*7)=-V1*F(4)
C(3 * 1)=-C(1*3)
C(3*2) = -C(2*3)
C(3*3)=C(1*1)
C(4* 1) = C(3* 2)
C (4*P)=V1*(EC4)+E(8))
C(4*4)=W1*F(7)
C(4*7)=E(5)+E(9)
C(5* 4) = F(6)
C(5*5)=-V1*F(8)
C(5* 7)=W1* EC 7)
C(6*2 ) = C ( 4 * 4)
C(6* 4) = -C(5*5)
C (6*5)=C<5*4)
C (7*2)=E(9)
C ( 7  * 5 ) = V 1* F ( 7 )
C ( 7 * 7 ) = -VT1 * F ( 8 )
C DEFINE LOAD ANGLE AND SPEED
30 VFITF (6*330)
PEAD (5*340) * A 1 * S 1 
C6=P
DP=-.7214984
V2= APS((1 -2* S 1)*58 7)
C SET UP COEFFICIENTS OF EQUATIONSDO 50 1=1*1 
DO ¿10 J = U 7  
ACIj«J) = CCIjJ)
40 CONTINUE 
50 CONTINUE
A(2/3>=S1*CC2*3)
AC2*7)=S1*CC2,7)
A(4*1>=S1*CC4 j 1)
AC4> 2) = S 1*CC t\> 2)
A(4.r4) = S l*CC4.r4)
A(5j 5)c (1-2*S1)*C(5^5)
AC5.»7) = C1-2*S1)*CC5>7)
AC 6̂  2) = (1-2*S1)*CC6j 2)
AC6>4)=C1-2*S1)*CC6*4)
AC6j 6)*s1* 225*V2 
AC7.»5> = S1*CC7,5)
AC7,7)=S1*CC7,7>
DO 60 J=U7 
60 D(J)=AC6^J)
E 1 = 0 '
S= 1 
E2=0 
C Is 1 
N 2= 1 
F8=.l
70 IF CS1.GT..5) GO TO 80 
D1=-D2-A1 
GO TO 90
80 Dl=-D2+3.14159-A1
C DECIDE TO SOLVE FOR SIN OP COS DEPENDING ON D2
90 IF (AES(SINCD2)).LE..7071) GO TO 110 
A2=C0SCD2>
BC5>=-1.225*SINCD2)*V2 
IF CC1.LT.0) GO TO 130 
DO 100 J= 1 /7 
AC 6j J ) = AC 5.» J )
AC 5* J ) = DC J)
100 CONTINUE
AC 6* 6)S-DC 6)
AC5*6>=0 
C1=-C1 
E 1« • 1 
GO TO 130 
110 A2=SINCD2)
BC 5)=1• 225*C0S C D2)*V2 
IF CC1.GT.0) GO TO 130 
DO 120 J= 1,7 
AC5,J)=AC6^J)
AC6^J)=DCJ) -
120 CONTINUE
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AC 5* 6)=0 
C1=-C1 
El = -1
130 GO TO 180
C CHECK TO SEE IF SOLUTION IS GOOD ENOUGH
C AND IF IT IS PPINT IT.
140 IF (El•LT•0) GO TO 160 
E1=AFSCXC 6)-A2)
IF CE1.LT.IE-15) GO TO 170 
IF CE1-E2.LF.0) GO TO 160 
C6= C6+1
IF CC6.LT.3) GO TO 150
C6=0 *
s=-s
D2=D2+S*F8
F8=F8/10 .
E2=E 1 
GO TO 70 
150 S=-S 
160 D2=D2+S*F8
E2=ABSCXC6)-A2)
E1 = E2 
GO TO 70 
170 A3=A1
TT=2*EC3)*CXC 3)*XC 2)-XC7)*XC1))
TT=TT+2*E(7)*(X<5)*XC 2)+XC7)*XC4))
SI1=C 1/1.7 32)*S QPTCXC1)*XC1)+XC3)*XC3)) .
SI 2=C1/1.732)*S0PTCX<4)*XC4)+XC5)*XC5)> *
VDC=3•14159*1.414*415*CAESC 1-2*S1))/C 2*1.732)
DCI = <1/VDC)*(1•225*V2*C0SC D2)*XC 4)- 1.225*V2*SINCD2)*XC5))
PPINT 350* A3* S1 * TT * SI 1 * SI 2* DC I 
C GO BACK FOP NEXT STEADY STATE
GO TO 30
C GAUSS-JOPDAN POUTINE FOP SOLVING LINEAP ALGEBPAIC EQUATIONS
180 N=7
N 1= N-1
E<1)=V1*C0SCD1)
DO 190 1=1*7 
190 XCI)=0
BC3)=-V1*SINCD1)
DO 200 1=1*N 
DO 200 J= 1 *.N 
YCI*J)=ACI*J)
200 CONTINUE 
BC 2)=0 
B ( 4 )= 0  
EC 6) = 0 
BC 7)=0 
NM1=N- 1
DO 270 K= 1 j NM 1
K 1=K+1
L=K
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DO 220 I = K b N
IF (ADS<A(I>K)).GT.APS(A(L^K))) GO TO 2 10 
GO TO 220 
2 IO L=I  
220 CONTINUE
IF (L.EO.K) GO TO 240 
DO 230 J=K.»N 
T=ACK,J)
A(K>J)=A(L>J)
ACL>J)=T '
230 CONTINUE 
T=E(K)
E(K)=BCL)
B(L)=T *
. 240 DO 260 I=KDN
F1=A<I>K)/ACK,K)
DO 250 J = K U N  - 
A(I#J)=A(I^J)-F1*A(K^J)
250 CONTINUE
B<I)=B<I)-F1*B<K>
260 CONTINUE 
270 CONTINUE
y<N)=B<N)/A<N*N>
I = N 1
280 11=1+1 
S5=0
DO 290 J=I1,N 
S5=S5+ACI.m J)*X( J)
290 CONTINUE
X(I)=(BCI)-S5)/A(I>I)
t 1=1-1
IF (I•GE.1) GO TO 280 
DO 310 I=bN 
DO 300 U=1^N 
A(I^J)rY(I/J)
300 CONTINUE 
310 CONTINUE 
GO TO 140 
C
320 FOFMAT ()
330 FOFMAT <* ACCEPT AUSI')
340 FOFMAT C>
350 FOFMAT (6F14.7)
C
END
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APPENDIX 9 : TYPICAL DYNAMIC RESPONSES PREDICTED FROM THE 
EQUATIONS OF SMALL PERTURBATIONS
Several TSIM transients predicted by the linear perturbation 
theory of Chapter 2 are presented in this Appendix. These transients 
were obtained for the TSIM discussed in Sec.(5.21) by numerically 
solving Eqn.(A7.IJ) using a Runge-Kutta routine52.
Several responses to ideal torque steps from .02 p.u. to 
- . 2 2  p.u. (generating), applied at t = 0 secs, at a slip of .83, 
are shown in Figs.(A3) to (A5). The current transients illustrate 
the response of the D.C. current to the inverter supplying 
Machine 2, and current flowing from the D.C. supply to the inverter 
is defined to be positive. The steady state shaft speed at a slip 
of .83 is 255 r.p.m. The values of Eigenvalues 4 and 5 calculated 
at the steady state torque of - .2 2  p.u. are also shown on these figures.
These figures show how the predicted response changes from 
underdamped (Fig.(A3)) to overdamped (Fig.(A5)) as Eigenvalue 4 is 
moved further from the R.H.P. relative to Eigenvalue 5. This 
movement is achieved by using phase lag current feedback with no 
high frequency filtering, as discussed in Sec.(2.5.5), where K| = I 
and f<2 is at various values as indicated on each figure.
The responses in Figs.(A3) to (A5) are typical of those obtained 
at any slip for similar changes of the relative positions on the 
complex plane of Eigenvalues 4 and 5.
Although the relative movement of Eigenvalues 4 and 5 in 
Figs. (A3) to (A5) was achieved using phase lag current feedback, 
similar responses are caused by other feedback methods which produce 
similar movements of the TSIM eigenvalues. For example, phase lag
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velocity feedback can theoretically cause Eigenvalue 5 to dominate 
the TSIM response to give transients similar to those shown in 
Fig.(A5) . Proportional velocity feedback can also theoretically 
cause the TSIM response to become overdamped, giving a response 
similar to Fig.(A5).
COM
PS)
Y S H
Eigenvalue 4 : -.919 ± j 22.9 
Eigenvalue 5 : -1.01
FIGURE A3 TSIM r e s p o n s e s , l<2 = .1
Eigenvalue 4 : -5.71 i j 22.4 
Eigenvalue 5 : -1.05
FTfiURF A4 TSIM RESPONSES, K2 = 8
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Eigenvalue 4 : -34; -16
Eigenvalue 5 : -1.2
FIGURF A5 TSIM r e sp o n s es ,  K2 = 2 .8
APPENDIX 10: CONSTRUCTION OF PHASE SH IFT IN G  CIRCUIT TO
OPERATE THE TSIM AS AN OPEN LOOP POSITION 
CONTROLLER
In this Appendix the various circuit elements of Fig.(7.1.1) 
are discussed. All the flip-flops used in the following were T.T.L. 
master slaves F J J III59 and the NAND gates were T.T.L. F J H 131 59
10.I Phase Lock Loop
The phase detector of the phase lock loop is required to 
produce an output dependent on the phase of the two 50 Hz. square 
waves shown in Fig.(7.1.1). This was achieved by making these 
waves T.T.L. compatible so that the phase detector consisted 
simply of interconnected NAND gates, as shown in Fig.(A 10.I).
FlfillRF A1Q.1 I m plem entation  of phase d etecto r
The output d from the phase detector is at 100 Hz. and so it 
must be filtered to supply a relatively constant voltage to the voltage 
controlled oscillator (V.C.0.) shown in Fig.(7.1.1). By inspection 
of the waveform d (Fig .(A10.I)), it can be seen that any filter will 
produce a ripple voltage at 100 Hz. The first order filter - V.C.O. 
circuit shown in Fig.(AI0.2) produced 100 Hz. variations
in the -frequency from the V.C.O. which caused loss than ».Oh degrees 
phase variation at the output from the inverter at hO II/.
Output of
phase detector 220 K
w v
Filter -15 V,V.C.O.
FIGURE A10.2 F il t e r  and o scillato r  c ir c u it s
The voltage Vq at the (+)ve input of the 741 operational 
amplifier (Fig.(AI0.2)) could be altered, if necessary, to vary 
the steady state phase relationship between the two 50 Hz. waves 
fed to the phase detector.
The remaining phase lock loop components (Counter I and the 
*6 circuit, Fig.(7.I.I.), were T.T.L. J.K. flip-flops connected as 
shown in Fig.(AI0.3).
J Q
2.4 KHz
pulse U|K Q  
train from 
V.C.O.
J  o 
T
l k 0
J o  
T
K 0 -
J 0  
T
'-K Q
Bit 1 Bit 2 Bit 3
Counter 1 16
J Q  
T
K Q
J Q 
T
l K Q
50 Hz
FIGURE AIO.3 Counter 1 AND -6 CIRCUITS
Small changes in the gain of the V.C.O. must cause finite 
changes in phase of the two 50 Hz, waves of the phase lock loop so 
that a correction signal is produced from the phase detector. In 
practice, these changes were less than ±.5 degrees for the phase lock 
loop circuit discussed above, provided the ambient temperature 
remained constant. For large changes in the V.C.O. gains however, 
(such as would be caused by large ambient temperature variations for 
example) extra circuitry would be required to integrate any changes 
in phase in order to reduce these changes to zero in the steady state. 
The inverter output phase would then be unaffected by gain variation 
in the phase lock loop.
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10.2 Counter 2 and Timing
These are part of the phase shifting circuit as shown in 
Tig.(7.1.1), and were constructed from T.T.L. J.K. flip-flops and 
NAND gates as shown in Fig.(AI0.4).
The shift pulses are fed Into the T q  input of the J.K. flip­
flop, and so the states Qq , Qo> J| and change whenever a shift 
pulse arrives. However, a change in J| and K| affects Counter 2 only 
when T| moves from a voltage high to a voltage low. The shift pulses 
are therefore transferred to Counter 2 only at times allowed by the 
timing pulses. These timing pulses are sent at every 2.4 KHz. pulse 
for up-counting, and between 2.4 KHz. pulses for down-counting 
(Sec.(7.2.2)) . A T.T.L. monostable was used to obtain timing pulses 
between the 2.4 KHz. pulses used for down counting.
10.3 Coincidence Detector
As shown in Fig.(7.l.l), this compares corresponding bits from 
Counters I and 2 and produces an output when both counters are in 
the same state. The comparison between bits I, for example, is shown
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in Fig.(AIO.5).
Bit 1 
Counter
Bit 1 
Counter
FIGURE AIO.5 Coincidence detector
The 0 and Q outputs from bits I of Counters I and 2 
(Figs.(AI0.3) and (A10.4)) are compared using T.T.L. NAND gates to 
produce B|. Similar circuits are used to produce comparisons 
between bits 2 and 3, B2 and B3 . Then the outputs Bj, B2 and B3 
are compared to produce an output 1C’ whenever they are all equal, 
and Counters I and 2 are in the same state.
10.4 Pulse Shaper
This circuit eliminates spikes from the coincidence detector 
output 1C ’ (Fig.(A 10.5)) caused during phase delaying (Sec.(7.2.2.2)). 
The pulse shaper also eliminates spurious spikes caused by 
.transiently existing states which can occur whenever Counters I and 
2 are moved from one state to another. The pulse shaper is shown 
in Fig.(7.1.1) and is implemented as shown in Fig.(AI0.6).
Pulses from 
coincidence 
detector (Fig.AIO.5)
t >
J 0
T
K
Pulse train to 
3-4) inverter
Blocking
pulses
FIGURE A IO .6 Pulse shaper
The J .K. flip-flop in Fig.(AI0.6) allows the state Q to be 
affected by the J and K inputs only at times determined by the T 
input. All undesirable spikes on the coincidence detector output fC f 
can only occur when Counters I or 2 are changing state. This occurs 
at every 2.4 KHz. pulse for up-counting as well as between 2.4 KHz. 
pulses for down-counting (Sec . (7.2.2)). The spikes are therefore 
easily removed from ’C 1 by arranging for very short blocking pulses 
on the T input (Fig.(AI0.6)) to occur during those times when it is 
known that spurious coincidences can occur. The timing and length 
of the blocking pulses is therefore easily arranged by using the 
2.4 KHz. pulse train to operate monostables. The blocking pulses 
occur every T/2 secs, as shown in Fig.(AI0.7).
2.4 KHz
pulse train -
Times when Counter 2
can change states for _
down counting (Sec(7.2.2.1))
Blocking pulses
(Fig.(A10.6)) -
T SECS-----•»
I
TIME
FIGURE A1Q.7 Timing for blocking pulses used in fig.(A10.6)
